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Remarks 

The Invention 

One embodiment of the invention (claims 60, 63, 66, 67, 69-71, and 73-75) 
provides a bisubstrate inhibitor of a protein kinase. The inhibitor comprises (1) a 
nucleotide or nucleotide analog moiety, (2) a peptide moiety which is a substrate for said 
protein kinase, and (3) a tether that comprises a proton donor. The tether is greater than 
or equal to 4.9 A as measured from a gamma phosphorus of the nucleotide or nucleotide 
analog moiety to the proton donor. 

Another embodiment of the invention (claims 1-15, 58, 72, and 76) provides a 
bisubstrate inhibitor of insulin receptor kinase. The inhibitor comprises (1) a nucleotide 
or nucleotide analog moiety, (2) a peptide moiety which is a substrate for said insulin 
receptor kinase, and (3) a tether that comprises a proton donor. The tether is greater than 
or equal to 4.9 A as measured from a gamma phosphorus of the nucleotide or nucleotide 
analog moiety to the proton donor. 

Claim Amendments 

Claim 15 was amended to put it in independent form. Claim 66 was amended to 
correct the form of the claim only. The claims have not been narrowed in scope. 

Claims 1 and 60 were amended to recite that the peptide moiety is a substrate for 
the recited insulin receptor kinase (claim 1) or the protein kinase (claim 60). Support can 
be found inter alia at page 2, paragraph 08 (emphasis added): "Protein kinases follow 
ternary complex kinetic mechanisms in which direct transfer of the phosphoryl group 
from ATP to protein substrate occurs. For such mechanisms, designing covalently linked 
bisubstrate analogs can be a powerful approach toward potent enzyme inhibitors." See 
also page 9, paragraph 33 (emphasis added): "This method is generalizable to other 
protein kinases based on the distinctive peptide substrate sequence selectivities of 
individual enzymes." 

New claims 69-71 recite that the peptide moiety comprises at least 4, 5, or 6 
contiguous amino acids of the natural substrate of the protein kinase. Support for the 
recited number of amino acids can be found at page 7 paragraph 28: "Thus as few as 4, 5, 
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6, or 7 of the amino acid residues may be sufficient to provide the requisite specificity." 
Support for the recited natural substrate can be found at page 7 paragraph 28: 
"Bisubstrate inhibitors typically contain a second moiety which is a peptide having 
residues similar to that of the natural protein substrates of the particular protein kinase." 
New claims 72 and 73 recite that the tether has the following structure: 



Support can be found in Figure 1 a and Figure 4. 

New claim 74 recites that the peptide moiety is a natural substrate of the protein 
kinase. Support can be found at page 7 paragraph 28: "Bisubstrate inhibitors typically 
contain a second moiety which is a peptide having residues similar to that of the natural 
protein substrates of the particular protein kinase." 

New claim 75 and 76 recite that the nucleotide or nucleotide analog moiety is a 
substrate for the protein kinase, and the insulin receptor kinase. Support can be found at 
page 7 paragraph 27: "Bisubstrate inhibitors typically contain one moiety which is a 
nucleotide or nucleotide analog moiety, which mimics the natural substrate ATP." 

No new matter is added by these claim amendments. 
The Rejection of Claim 66 Under 35 U.S.C. S 1 12, Second Paragraph 

Claim 66 stands rejected under 35 U.S.C. § 112, second paragraph as indefinite 
because the term "the tyrosine" allegedly had no antecedent basis. Claim 66 was 
amended to substitute "a tyrosine" for "the tyrosine." Withdrawal of this rejection is 
therefore respectfully requested. 



The Rejection of Claims 1-14. 58, 60. 63, 66 and 67 Under 35 U.S.C. S 112. First 
Paragraph 

Claims 1-14, 58, 60, 63, 66 and 67 stand rejected under 35 U.S.C. § 112, first 
paragraph as allegedly failing to provide an adequate written description. In particular 
the rejection asserts that the application fails to disclose a representative number of 
species for the claimed genus of bisubstrate inhibitors of insulin receptor kinase or the 
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claimed genus of bisubstrate inhibitors of protein kinases. Applicants respectfully 
traverse this rejection. 

To satisfy the written description requirement for a claimed genus, the 
specification may describe a representative number of species (1) by actual reduction to 
practice, (2) by reduction to drawings, or (3) by disclosure of relevant identifying 
characteristics sufficient to show the applicant was in possession of the claimed genus. 
Manual of Patent Examining Procedure § 2163(II)(A)(3)(a)(ii). Relevant identifying 
characteristics can be, for example, structure or other physical and/or chemical properties, 
functional characteristics coupled with a known or disclosed correlation between function 
and structure, or a combination of such identifying characteristics. Id. A representative 
number of species is inversely related to the skill and knowledge in the art. Id. The 
specification need only describe in detail that which is new or not conventional. 
Hybritech v. Monoclonal Antibodies, 802 F.2d 1367, 231 U.S.P.Q. 81 (Fed. Cir. 1986). 

Independent claim 1 and dependent claims 2-14 and 58 are directed to bisubstrate 
inhibitors of insulin receptor kinase. Independent claim 60 and dependent claims 63, 66 
and 67 are directed to bisubstrate inhibitors of protein kinases. The bisubstrate inhibitors 
of insulin receptor kinase and protein kinases comprise (1) a nucleotide or nucleotide 
analog moiety, (2) a peptide moiety which is a substrate for the insulin receptor kinase or 
protein kinase, and (3) a tether that is greater than or equal to 4.9 A when measured from 
a gamma phosphorus of the nucleotide or nucleotide analog and a proton donor of the 
tether. 

The Office Action asserts that a representative number of species has not been 
disclosed to support claims 1-14 and 58 to a genus of bisubstrate inhibitors of insulin 
receptor kinase. However, as detailed below the specification provides a representative 
number of species of each of the component parts of the bisubstrate inhibitors, in addition 
to the actual reduction to practice shown in the working examples. These teachings 
together satisfy the legal requirements for written description of a genus. Applicants 
provide a working example of a bisubstrate inhibitor of insulin receptor kinase: 
compound 2. "Kinase assays with compound 2 revealed it to be a potent inhibitor of IRK 
[insulin receptor kinase]." Page 13, paragraph 47. Compound 2 comprises ATPy-S as 
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the nucleotide moiety, a peptide with the sequence of SEQ ID NO:l as the peptide 
moiety, and an acetyl group as the tether: 




OH OH 

II II 

peptide moiety tether nucleotide or nucleotide analog moiety 



Ri is AcNH-KKKLPATGD- 
R 2 is -MNMSPVGD-C0 2 H 

The specification provides a representative number of nucleotides or nucleotide 
analogs. The specification teaches 14 nucleotides or nucleotide analogs that are suitable 
for use in the bisubstrate inhibitors for insulin receptor kinase. "Suitable moieties include 
ATP, ATPy-S, GTP, CTP, TTP, UTP, GTPy-S, CTPy-S, TTPy-S, UTPy-S, genistein, 
staurosporine, K252, [and] quercetin." Page 7, paragraph 27. In addition, the 
specification teaches that one or more of the phosphate groups can be substituted with an 
uncharged alkyl group. Figure 6 lists 161 examples of possible alkyl substitutions. Thus, 
specification teaches numerous suitable nucleotide and nucleotide analog moieties. 
These moieties are a representative number of nucleotide and nucleotide analog moieties. 

The specification provides identifying characteristics of the peptide moieties. The 
specification teaches that the peptide moiety has an amino acid sequence that is similar to 
the amino acid sequence of the natural protein substrate of the insulin receptor kinase. 
"Bisubstrate inhibitors typically contain a second moiety which is a peptide having 
residues similar to that of the natural protein substrates of the particular protein kinase." 
Page 7, paragraph 28. The specification teaches a peptide (KKKLPATGDYMN- 
MSPVGD, SEQ ID NO:l) that is useful as a peptide moiety in the bisubstrate inhibitors 
of insulin receptor kinase. Moreover, other peptides that have amino acid sequences of 
natural protein substrates of insulin receptor kinase were well known in the prior art. See 
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Table 1. Peptides 1, 5, 7, and 16-19 have amino acid sequences of natural substrates of 
insulin receptor kinase and have been shown in the prior art to be substrates for insulin 
receptor kinase. In addition, peptides that have similar amino acid sequences and 
function as substrates of insulin receptor kinase were well known in the prior art. 
Peptides 2-4, 6, and 8-15 are substrates of insulin receptor kinase that are similar to 
natural substrates and have been shown in the prior art to function as substrates for the 
insulin receptor kinase. 



Table 1 





Peptide sequence 


Reference 


Tab 1 


1 


RLEYYENEKK 


Shoelson et al., Proc. Natl. Acad. Sci. 
USA 89:2027-2031, 1992. 




2 


KRGEEELSNYICMGGK 


Shoelson et al.,Proc. Natl. Acad. Sci. 
USA 89:2027-2031, 1992. 




3 


KKVSIEEYTEMMPAK 


Shoelson et al.,Proc. Natl. Acad. Sci. 
USA 89:2027-2031, 1992. 


1 


4 


KKHTDDGYMPMSPGVA 


Shoelson etal.,Proc. Natl. Acad. Sci. 
[75,4 89:2027-2031,1992. 


1 


5 


RKGNGDGYMPMSPKSV 


Shoelson et al.,Proc. Natl. Acad. Sci. 
USA 89:2027-2031, 1992. 




6 


KKRVDPNGYMMMSPSGS 


Shoelson et al., Proc. Natl. Acad. Sci. 
USA 89:2027-2031, 1992. 




7 


KKKLPATGDYMNMSPVGD 


Shoelson et al., Proc. Natl. Acad. Sci. 
USA 89:2027-2031, 1992. 

Hubbard, EMBO 716:5573-5581, 1997. 




8 


KKGSEEYMNMDLGPGR 


Shoelson et al., Proc. Natl. Acad. Sci. 
USA 89:2027-2031, 1992. 




9 


KKSRGDYMTMQIG 


Shoelson et al., Proc. Natl. Acad. Sci. 
USA 89:2027-2031, 1992. 





Each reference is attached at the indicated tab number. 
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Peptide sequence 


Reference 


Tab 1 


1 f\ 
1U 


VDD\TC\A/nTCDA7 A Tils' 


Shoelson al, Proc. Natl. Acad. Sci. 
USA 89:2027-2031, 1992. 




1 1 

1 1 


KKiSKuJN Y M 1 MQ1G 


Shoelson et al, Proc. Natl. Acad. Sci. 
USA 89:2027-2031, 1992. 




Iz 


JSJvbKAjlJ ill My lu 


Shoelson et al., Proc. Natl. Acad. Sci. 
USA 89:2027-2031, 1992. 




1 J 


JsJvoKuUY 1 IMyiCj 


Shoelson a/., Proc. yva//. /Icaa. S«. 
^89:2027-2031, 1992. 




1 A 

14 


KKbRCjDY(Nle )TMQIG 


Ot_ 1 , J r~k -» 7- ,7 j TO* 

Shoelson a/., Proc. Natl. Acad. Sci. 
USA 89:2027-2031, 1992. 




1 c 

15 


KKSRGDYMTTQIG 


Shoelson et al, Proc. Natl. Acad. Sci. 
USA 89:2027-2031, 1992. 




10 


IKUlYhlDY YKK 


Stadmauer et al, J Biol. Chem. 
261:10000-10005, 1996. 


>> 

3 


1 H 
1 / 


LrAbSNrbYLSARR 


Stadmauer etal.,JBiol. Chem. 
261:10000-10005, 1996. 


3 


I 0 


ISJvo l 12 12 ll ir I 1 OlVllN VJvJiV 


Stadmauer et aL, J BioL Chem, 
261:10000-10005, 1996. 


1 
3 


19 


SRYMEDSTYYKASKG 


Baron etal.,J. Biol. Chem. 273:7162- 
7168, 1998. 


4 



Thus, the specification provides identifying characteristics of the peptide moiety and an 
exemplary peptide moiety. Numerous other peptide moieties that are substrates for the 
insulin receptor kinase were known to those of skill in the art. , Together these provide a 
representative number of peptide moieties. 

The specification provides identifying characteristics of the tether. The 
specification teaches that the length of the tether "is greater than or equal to 4.9 A 
measured from a gamma phosphorus of the nucleotide or nucleotide analog moiety to a 



2 Norleucine 
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proton donor." Page 9, paragraph 31. In addition, the specification teaches that "the 
tether can comprise carbon, hydrogen, and oxygen" Page 8, paragraph 29. An 
exemplary tether used in compound 2 has the following structure: 



O 



N' 




The proton donor of the tether used in compound 2 is nitrogen, and the tether has a length 
of 5.7 A. See Figure la of the subject application. 

Bond lengths of carbon-carbon bonds and carbon-oxygen bonds were well known 
in the art. A carbon-carbon bond is 1.54 A and a carbon-oxygen bond is 1.43 A as 
measured from the center of one atom to the center of the other atom. CRC Handbook of 
Chemistry and Physics, Weast (Ed.) The Chemical Rubber Co. Cleveland, OH, 1971, 
pages F173-F174 (Tab 5). The prior art knowledge of bond lengths combined with the 
specification's teachings that the tether can comprise carbon, hydrogen, and oxygen, and 
that it comprises a proton donor would demonstrate to one skilled in the art that 
applicants had disclosed a representative number of species of the tether. 

Thus, the specification provides identifying characteristics of the peptide and 
tether. The specification also teaches numerous examples of nucleotide or nucleotide 
analog moieties. The art contained numerous examples of suitable peptide moieties. One 
skilled in the art would reasonably conclude that the applicants had possession of the 
claimed genus of bisubstrate inhibitors of insulin receptor kinase. 

Even if, arguendo, the generic claims were not adequately described, claims 2, 3, 
5-7, 71, and 72 are adequately described. Claims 2 and 3 recite specific nucleotides or 
nucleotide analog moieties. Claim 2 specifically recites the nucleotide or nucleotide 
moiety is ATP. Claim 3 specifically recites the nucleotide or nucleotide analog moiety is 
ATPy-S. Thus claim 2 and 3 are clearly supported by an adequate description of the 
nucleotide. Claims 5 and 6 recite a peptide moiety that is 4 or 5 contiguous amino acids 
selected from a recited sequence, i.e., SEQ ID NO:l. Claim 7 recites aparticular peptide 
moiety having the sequence shown in SEQ ID NO:l. Thus claims 5, 6, and 7 are clearly 
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supported by an adequate description of the peptide moiety. Claims 72 and 73 recite a 
specific tether, an acetyl group. Thus claims 72 and 73 are clearly supported by an 
adequate description of the tether. 

The Office Action similarly asserts that a representative number of species has not 
been disclosed to support claims 60, 63, 66, and 67 to a genus of bisubstrate inhibitors of 
protein kinases generically. The specification teaches two bisubstrate inhibitors of 
protein kinases. Compound 2, discussed above, is a bisubstrate inhibitor of insulin 
receptor kinase. Compound 4, Le. 9 kemptide-ATPy-S conjugate, is a bisubstrate inhibitor 
of protein kinase A (PKA). "Preliminary assays using the kemptide-ATPy-S conjugate as 
a specific inhibitor of protein kinase A (PKA) have been performed and show the 
conjugate to be inhibitory to PKA." Page 21, paragraph 65. Compound 4 comprises 
ATPy-S as the nucleotide moiety, a peptide with the amino acid sequence of SEQ ID 
NO:4 as the peptide moiety, and an acetyl group as the tether. 



Compound 4 




peptide moiety tether nucleotide or nucleotide analog moiety 

R, is AcNH-LRRA- 
R 2 is LG-C0 2 H 



As discussed above, the specification teaches numerous suitable nucleotides or 
nucleotide analogs moieties. In addition, specification provides identifying 
characteristics of the tether moiety and provides an exemplary tether. 

The specification teaches two peptides that are useful as peptide moieties in the 
bisubstrate inhibitors of protein kinases. A peptide with an amino acid sequence of SEQ 
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ID N0:1 (KKKLPATGDYMNMSPVGD) is a substrate for insulin receptor kinase and is 
the peptide moiety of compound 2. A peptide with an amino acid sequence of SEQ ID 
NO:2 (LRRASLG) is a substrate for protein kinase A (PKA) and the peptide moiety of 
compound 4. Moreover, peptide substrates of protein kinases were well known in the 
prior art. In addition to the peptide substrates for insulin receptor kinase listed in Table 1, 
Table 2 lists examples of peptides that were known in the prior art to be substrates for 
protein kinases. Peptides 36-40, 71, and 96 have amino acid sequences of natural 
substrates of protein kinases. Peptides 20-35, 41-70, 72-95, and 97-102 are substrates of 
protein kinases that are similar to natural substrates and have been shown in the prior art 
to function as substrates. 



Table 2 





Peptide sequence 


Kinase 


Reference 


Tab 3 


20 


PLSRTLSVSS 


PKC 4 


Kwon et al., J. Biol. Chem. 
269:4839-4844,1994. 


6 


21 


PLSRTLSV 


PKC 


Kwon et al., J. Biol. Chem. 
269:4839-4844, 1994. 


6 


22 


PLSRTLS 


PKC 


Kwon et al, J. Biol. Chem. 
269:4839-4844, 1994. 


6 


23 


PLRRTLSVAA 


PKC 


Kwon et al., J. Biol. Chem. 
269:4839-4844, 1994. 


6 


24 


PLSRRLSVAA 


PKC 


Kwon et al., J. Biol. Chem. 
269:4839-4844, 1994. 


6 


25 


KKKKKRFSFKKAFKKLA- 
GFAFKKNK 


PKC 


Kwon et al., J. Biol. Chem. 
269:4839-4844, 1994. 


6 


26 


DEDADIYDEEDYDL 


CK2 5 


Marin et al., J. Biol. Chem. 
274:29260-29265, 1999. 


7 



Each reference is attached at the indicated tab number. 

4 Protein Kinase C 

5 Casein kinase-2 
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Peptide sequence 


Kinase 


Reference 


Tab 3 


II 


r\ET\ A T\"T\/"T\T7 A TV\7"T\T 

DbDADlYDbADYDL 


CK2 


Mann a/., J. Biol. Chem. 
274:29260-29265, 1999. 


7 


ZO 


UtDADl Y DAhu iDL 


CK2 


IV K _ ^! _ y 7 T 7") * _ 7 /""^ 7- — „ 

Mann a/., J. fwo/. Chem. 
274:29260-29265, 1999. 


7 


/y 


r\TTO A HIV A 17T7TWT^T 




Mann e/ a/. , «/. i>io/. Chem. 
274:29260-29265, 1999. 


/ 


3U 


JJrJJ ADD Y UbbD Y DL 


LK2 


Mann a/., «/. xwo/. Chem. 
274:29260-29265, 1999. 


7 


1 

31 


DbDADISDbbDYDL 


CK2 


Mann a/., J. Zho/. Chem. 
274:29260-29265, 1999. 


7 




DbDADDSDbbDYDL 


CK2 


i / * j 7 t j->* 7 

Mann et at., J. Biol. Chem. 
274:29260-29265, 1999. 


7 


33 


DbDADlISAbbDYDL 


CK2 


Mann et al., J. Biol. Chem. 
274:29260-29265, 1999. 


7 


34 


T\T?T"\ A PMC T\T7? A r\\/r\T 

DbDADlaDbADYDL 


CK2 


Mann a/., J. 5io/. Chem. 
274:29260-29265, 1999. 


7 


J J 


DDDUCCCUC AAA 

KKKbbbbbbAAA 


OKJv2 


Onorato e£ a/., 7. #20/. Chem. 
270:21346-21353, 1995. 


o 
5 


30 


\/CI>C/m VD CDC\yfDT7XTT XTOT3 

V aKo LrL Y Kbr IS Mr bJN LJN Kr - 
RL 




rlutcnins er a/. , bh&o Lett. 
466:91-95, 2000. 


y 


3 / 


T \TDCDT VT)OTlC\^nm/T "P\T> 

MPL 


Chkl 


rlutcnins e£ a/., b hob. Lett. 
466:91-95, 2000. 




3o 


TDDDTT rnoi Cr"T\/ETDI A 

IrKKlLrKoLod V el r LA- 
NK 


LnKl 


TT.-i-L: — ^ / I7CDC T >->** 

rlutcnins er a/., rhno Lett. 
466:91-95, 2000. 


y 


39 


YLRPNVSRSRSSGNAPPFL- 
RS 


Chkl 


Hutchins et al., FEBSLett. 
466:91-95, 2000. 


9 



6 G protein coupled receptor kinase 

7 Checkpoint kinase- 1 
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Peptide sequence 


Kinase 


Reference 


Tab 3 


4U 


Q JJ 1 r V V RR 1 QS> Mb LN S 1 - 
RLGL 


Chkl 


Hutchins et al., tEBS Lett. 
466:91-95, 2000. 


9 


A 1 

41 


I>T VDCDCAyfDCVT F\ 

KL Y Kor IsMr LKLD 


Chkl 


tt, _ 4. « M » — ^. —7 Z7TDO 7" 

Hutchins at., tEBS Lett. 
466:91-95, 2000. 


y 


42 


ALYRSPSMPEKLD 


pi i 1 
Chkl 


Hutchins a/., F£55 Lett. 
466:91-95, 2000. 


9 


A "> 

43 


RAYRSPSMPEKLD 


Chkl 


Hutchins et at. , FEBS Lett. 
466:91-95, 2000. 


9 


44 


KLAKbr a Mr LKLD 


Chkl 


Hutchins et al. , tEBS Lett. 
466:91-95, 2000. 


y 


45 


T> T V/" A C TIC A /f T>T7Ty T T"\ 

KLYAaPbMPbKLD 


Chkl 


Hutchins et al. , FEBS Lett. 
466:91-95,2000. 


9 


46 


RLYRAPSMPEKLD 


Chkl 


Hutchins a/., F£!55 Lett. 
466:91-95, 2000. 


9 


4/ 


RL Y Ro AbMr LKLD 


pv 1 1 

Chkl 


Hutchins a/., tEBS Lett. 
466:91-95, 2000. 


y 


4o 


TJ T A/T> O Tl A A >Tr*T?T/- T T\ 

RL Y RbP AMPEKLD 


Chkl 


Hutchins et al., FEBS Lett. 
466:91-95, 2000. 


y 


49 


RLYRSPSAPEKLD 


Chkl 


Hutchins et al. , FEBS Lett. 
466:91-95, 2000. 


9 


f A 

DU 


RL Y RbPb MAEJCLD 


Chkl 


Hutchins et al. , tEBS Lett. 
466:91-95, 2000. 


y 


r i 
Jl 


r> T \7T> C TIC A >f TJ A l/'T T\ 

RLYRbPbMPAKLD 


Chkl 


Hutchins et al., ttBS Lett. 
466:91-95, 2000. 


y 


^0 


DT VT) CDC\4DT7 AT H 

KL Y Kor a Mr L ALJJ 


CxlKl 


tt-.i.l: — a _/ ZTI7DC T 

Hutcnins et at. , tt,Do Lett. 
466:91-95,2000. 


0 


53 


RLYRSPSMPEKAD 


Chkl 


Hutchins et al. , FEBS Lett. 
466:91-95, 2000. 


9 
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Peptide sequence 


Kinase 


Reference 


Tab 3 


54 


RLYRSPSMrhKLA 


Chkl 


Hutchins et al. , FEBS Lett. 
466:91-95, 2000. 


9 


^< 

jj 


KLY KAr i>Mr tiKLUKJv 


Chkl 


Hutchins a/., bLBb Lett. 
466:91-95, 2000. 


n 

y 


jO 


P T AD A ACA/A A AT AD7 

KLAKAAoMAAALAKK 


ChKl 


Hutchins a/., rhrfo Lett, 
466:91-95, 2000. 


Q 

y 


J 1 


D \ 7 A D A A GTVyf A A AT At)V 

K V AKAAbMAAALAKK 


Cnxl 


Hutchins et al. , bbBS Lett. 
466:91-95, 2000. 


r\ 

y 


JO 


D\/f AD A A O A >f A A AT ADf 

RMARAASMAAALARK 


1,1,1 
Chkl 


Hutchins et al., btBS Lett. 
466:91-95, 2000. 


a 

y 


jy 


DD ADA A C A yf A A AT A T> I/" 

RRARAA^MAAALARK 


Chkl 


Hutchins et al., btBb Lett. 
466:91-95, 2000. 


c\ 

y 


OU 


D T A D A A C\yT A A AT ATI 1/" 

KlAKAAbMAAALARK 


Chkl 


Hutchins et al. , btBS Lett. 
466:91-95, 2000. 


y 


£L 1 

ol 


"TJ A A T> A A Ol jT A A AT A Tk A * 

KAARAA S M AAA L ARM 


Chkl 


Hutchins et al. , FEBS Lett. 
466:91-95, 2000. 


9 




O T A V A A C\IA A AT A DF 

RLAKAAbMAAALARK 


Chkl 


Hutchins et al. , btBo Lett. 
466:91-95, 2000. 


y 


03 


D T AAAAGAyfAAAT A DV 

KLAAAAbMAAALAKK 


Chkl 


UniAlkiMn ^ 4- ~ 1 I7Z7DC T *%4-4- 

Hutcnins et al. , bboo Lett. 
466:91-95, 2000. 


o 
y 


04 


D T ADA A PA / A A A A AT> 1/* 

RLARAAbMAAAAARK 


Chkl 


Hutchins et al., bLBb Lett. 
466:91-95, 2000. 


A 

y 


65 


T> T A T* A A OXiT A A ATATfe *IS~ 

RLARAASMAAAIARK 


Chkl 


Hutchins et al., bhBS Lett. 
466:91-95, 2000. 


n 
y 


00 


DT AD A ACA/TA A AVADV 
KLAKAAo MAAA V AlvLV 


CnKl 


riutcnins et cu. , rLiSo Lett. 
466:91-95, 2000. 


o 
y 


67 


RLARAASMAAAALRK 


Chkl 


Hutchins et al. , FEBS Lett. 
466:91-95, 2000. 


9 
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Peptide sequence 


Kinase 


Reference 


Tab 3 


Oo 


T? T AD A A QlV/f A AT A ADV 


CJlKl 


rlutcnins et at., thUo Lett. 
466:91-95, 2000. 


n 

y 




PT AP A AQA A AAA ADl^ 
KLAKAAoAAAAAAKK 




T-Tii-f-sVUivtfi swl ZTZ7DO T ^44 

rlutcnins et at., rtLoo Lett. 
466:91-95, 2000. 


o 

y 


70 


RKRLARAASMAAALA 


Chkl 


Hutchins et al, FEBS Lett. 
466:91-95, 2000. 


9 


71 


SAVGFNEMEAPTTAYK 


Lyn 8 


Yamanashi et al, Proc. Natl. 
Acad. box. UbA 90:3631- 
3635, 1993. 


10 


11 
1 L 


JSJv^lmJ ALr Y AAKLr 


n AK1 9 

C-Aol 


Till s*J 7 D,*^/ 

1 ill et at., J. Biol. Litem. 
274:4995-5003, 1999. 




15 


KKLlbD Al Y AAKCj 


~ A 1-1 

c-Abl 


Till etal.,J. Biol. Chem. 
274:4995-5003, 1999. 




HA 


JbU AL Y AAKCj 


A A 1-1 

c-Abl 


Till a/., J. Biol. Chem. 
274:4995-5003, 1999. 




Ij 


VVJ TtJH A UV A ADP 

iSJvLlrijJAri Y AAKCj 


^ A LI 

c-Abl 


1 ill a/., J. zjjo/. Cnem. 
274:4995-5003, 1999. 




/O 


T/l/T TEA A A VA ADP 

KKLlhDAAYAARu 


A A 1-1 

c-Abl 


Till a/., y. 2«0/. Chem. 
274:4995-5003, 1999. 




77 


KKLIEDAKYAARG 


A 1_ 1 

c-Abl 


Till a/., «/. .ow/. Chem. 
274:4995-5003, 1999. 




78 


KKLIEDAQYAARG 


c-Abl 


Till et al, J. Biol. Chem. 
274:4995-5003, 1999. 


n 


79 


KKSRGDYMTMQIG 


c-Abl, 

v-Abl 10 , 

v-Src 11 


Till et al, J. Biol. Chem. 
274:4995-5003, 1999; 

Garcia et al.,J. Biol. Chem. 


12 



Cellular Lyn protein kinase 
Cellular Abl protein kinase 
) Viral Abl protein kinase 
1 Viral Src protein kinase 
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Peptide sequence 


Kinase 


Reference 


lab 








268:25146-25151, 1993. 




80 


KKSRGDYITMQIG 


c-Abl, 
v-Abl, 


Till et al, J. Biol. Chem. 
274:4995-5003, 1999; 


11 






v-Src 


Garcia et al.,J. Biol. Chem. 
268:25146-25151, 1993. 


12 


81 


KKSRGDY(Nle) 1 2 TMQIG 


c-Abl, 
v-Abl, 


Till et al, J. Biol. Chem. 
274:4995-5003, 1999; 


11 






v-Src 


Garcia et al., J. Biol. Chem. 
268:25146-25151, 1993. 


12 




JsJvbKOU Y A 1 JVLQKj 


c-Abl 


Till et al., J. Biol. Chem. 
274:4995-5003, 1999. 


1 1 

1 1 




KKbKOD Yb 1 MQIG 


c-Abl 


Till et al., J. Biol. Chem. 
274:4995-5003, 1999. 


1 1 
11 


84 


KKSRGDYMTPQIG 


c-Abl 


Till et al., J. Biol. Chem. 
274:4995-5003, 1999. 


11 


85 


KKSRGDYMTTQIG 


c-Abl, 
v-Abl, 


Till et al., J. Biol. Chem. 
274:4995-5003, 1999; 


11 






v-Src 


Garcia et al., J. Biol. Chem. 
268:25146-25151, 1993. 


12 


OO 


KKsKGD Y M 1 AQICj 


c-Abl 


1 ill et al., J. Biol. Chem. 
274:4995-5003, 1999. 


1 1 


87 


KKSRGDYMTEQIG 


c-Abl 


Till et al, J. Biol Chem. 
274:4995-5003, 1999. 


11 


88 


KKHTDDGYMPMSPGVA 


v-Src, 
v-Abl 


Garcia et al, J. Biol Chem. 
zoo.zo ih-o-z j i j i, iyyj. 


12 


89 


RKGNGDGYMPMSPKSV 


v-Src, 
v-Abl 


Garcia et al, J. Biol Chem. 
268:25146-25151, 1993. 


12 



12 Norleucine 
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Peptide sequence 


Kinase 


Reference 


Tab 3 


90 


KKRVDPNGYMMMSPSGS 


v-Src, 
v-Abl 


Garcia et al, J. Biol Chem. 

Zoo. 2:) 140-231 j 1, iyyj. 


12 


91 


KKKLPATGDYMNMSP- 
VOJJ 


v-Src, 
v-Abl 


Garcia et al,J. Biol Chem, 
2oo:2514o-25151, 1993. 


12 


92 


KKGSEEYMNMDLGPGR 


v-Src, 
v-Abl 


Garcia et al,J. Biol Chem. 
2oo:2514o-25151, 1993. 


12 


93 


KKKEEEEEEYMPMEDL 


v-Src, 
v-Abl 


Garcia et al, J. Biol Chem. 

ZOo.zj 140-2j 1 j 1, 1993. 


12 


94 


KKSRGNYMTMQIG 


v-Src, 
v-Abl 


Garcia et al, J. Biol Chem. 
2oo:2514o-25151, 1993. 


12 


95 


KKSRGDYTTMQIG 


v-Src, 
v-Abl 


Garcia et aL, J. Biol Chem. 
2oo:2514o-25151, 1993. 


12 


96 


ADFGLARLIEDNEYTARG 


c-Src 13 , 
Hck 14 


Silicia et aL, J. Biol. Chem. 
2/3.l0/D0-lu/03, 199o. 


13 


97 


AEEEIYGEFEAKKKK 


c-Src, 
Hck 


Silicia et al, J. Biol Chem. 
273:16756-16763, 1998. 


13 


98 


AEEEAYGEAEAKKKK 


c-Src, 
Hck 


Silicia et al, J. Biol. Chem. 
2.1 j.io/30-io/oj, iyyo. 


13 


99 


AEVIYAAPFAKKKK 


c-Src, 
Hck 


Silicia et al, J. Biol. Chem. 


13 


100 


KVEKIGEGTYGVVYK 


c-Src, 
Hck 


Silicia et al., J. Biol. Chem. 
273:16756-16763, 1998. 


13 



Cellular Src protein kinase 
Src-like protein kinase 
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Peptide sequence 


Kinase 


Reference 


Tab 3 


101 


KVEKIGEGTYGWKK 


c-Src, 
Hck 


Silicia et al., J. Biol. Chem. 

T71-1A'7^A 1 1QOC 

z/j.io/jo-io/oj, lyys. 


13 


102 


KVEKIGVGSYGWKK 


c-Src, 
Hck 


Silicia et al., J. Biol. Chem. 
273:16756-16763, 1998. 


13 



Thus, the specification provides identifying characteristics of the peptide moiety and 
suitable exemplary peptide moieties. Moreover, numerous other peptide moieties which 
are substrates for protein kinases were well known in the prior art. Together these 
provide a representative number of peptide moieties that are substrates for protein 
kinases. 

Thus, the specification teaches identifying characteristics of the peptide and tether 
of the bisubstrate inhibitor for protein kinases. The specification also teaches numerous 
suitable nucleotide or nucleotide analog moieties. Given the knowledge in the art, the 
specification's teachings of identifying characteristics of the peptide and tether, and the 
specification's teaching of numerous suitable nucleotide or nucleotide analog moieties of 
the bisubstrate inhibitors of protein kinases, one skilled in the art would reasonably 
conclude that the applicants had possession of the claimed genus of bisubstrate inhibitors 
of protein kinases when they filed the application. Withdrawal of this rejection is 
respectfully requested. 

The Rejection of Claims 1-14, 58. 60, 63, 66 and 67 Under 35 U.S.C. § 112, First 
Paragraph 

Claims 1-14, 58, 60, 63, 66 and 67 stand rejected under 35 U.S.C. § 112, first 
paragraph as allegedly failing to enable the genus of bisubstrate inhibitors of insulin 
receptor kinase or protein kinases generically. Applicants respectfully traverse this 
rejection. . ; 

An analysis of whether a claim is enabled by the specification requires a 
determination of whether the specification contains sufficient information, together with 
knowledge in the prior art, to enable one skilled in the art to make and use the claimed 
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invention without undue experimentation. "The test of enablement is whether one 

reasonably skilled in the art could make or use the invention from the disclosures in the 

patent coupled with information known in the art without undue experimentation." 

United States v. Telectronics, Inc., 857 F.2d 778, 8 U.S.P.Q.2d 1217 (Fed. Cir. 1988). 

Factors that may be considered in determining whether experimentation is undue include: 

(1) the breadth of the claims, (2) the nature of the invention, (3) the state of the prior art, 

(4) the level of one of ordinary skill, (5) the level of predictability in the art, (6) the 

amount of direction provided by the inventor, (7) the existence of working examples, and 

(8) the quantity of experimentation needed to make or use the invention based on the 

content of the disclosure. In re Wands 858 F.2d 731, 8 U.S.P.Q.2d 1400 (Fed. Cir. 1988). 

The specification need only describe in detail that which is new or not conventional. 

Hybritech v. Monoclonal Antibodies, 802 F.2d 1367, 231 U.S.P.Q. 81 (Fed. Cir. 1986). 

The Nature of the Invention 

The invention employs three components: a peptide, a nucleotide or nucleotide 

analog, and a tether. Each component was known in the art. See, e.g., Rosse et al. 9 

Helvetica Chimica Acta 80:653-670, 1997 (Tab 14). Rosse teaches design and synthesis 

of bisubstrate inhibitors of epidermal growth factor receptor tyrosine kinase. The Rosse 

bisubstrate inhibitors contain a peptide, a triphosphate mimic or spacer, and a nucleotide. 

"[W]e designed [a] series of bisubstrate inhibitors consisting of a tri- or tetrapeptide as 

the peptide substrate, a 4-sulfonylbenzoyl (1), a 2-hydroxy-4-sulfonylbenzoyl (2), a 

benzene- 1,4-disulfonyl (3), or an adipoyl moiety (4) as the triphosphate mimic or spacer 

and adenosine." Page 654, first full paragraph. See also Loog et aL, Bioorg. Med. Chem. 

Lett. 9:1447-1452, 1999 (Tab 15). Loog teaches bisubstrate inhibitors of protein kinases 

that contain a peptide, a nucleotide, and a linker that connects the peptide to the 5' carbon 

of the nucleotide. "A new class of protein kinase bisubstrate-analog inhibitors was 

designed on the basis of adenosine-5'-carboxylic acid derivatives, where a short peptide 

was attached to the 5 5 -carbon atom of the adenosine sugar moiety via a linker chain." 

Abstract. Applicants' contribution is in specifying a dimension of the tether which 

represents the dissociative transition state: 

It is a discovery of the present invention that design and 
manipulation of the dimensions of bisubstrate inhibitors of protein kinases 
can dramatically improve their inhibitory properties. In particular, the 

i 
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inventors have designed the distance between the two substrate-like 
moieties to mimic the dimensions of a dissociative transition state, i.e., a 
dimension of greater than 4.9 A measured from a gamma phosphorous of 
the nucleotide or nucleotide analog moiety to the proton donor in the 
peptide moiety. 

Page 6, paragraph 26. Thus the nature of the invention is that it is an improvement of 
bisubstrate inhibitors already known in the art. 
State of the Prior Art 

The state of the prior art was advanced at the time applicants filed their patent 
application. Peptide substrates of protein kinases generically and insulin receptor kinase 
in particular, were well known in the art as of the filing date. As discussed above, a host 
of both natural and non-natural peptide substrates were known in the art. See Tables 1 
and 2. In addition, sequence motifs for protein kinase substrates were well known in the 
art. For example, Shoelson et aL, Proc. Natl. Acad. Set USA 89:2027-2031, 1992 (Tab 
1) teaches an amino acid sequence motif for substrates of insulin receptor kinase. The 
motif contains the sequence YMXM, where X can be proline, methionine, asparagine, or 
threonine. Table 1 page 2028. Sharma et al. 9 J. Biol. Chem. 274:9600-9606, 1999 (Tab 
16) teaches a peptide motif for a different protein kinase, cyclin-dependent kinase 5 
(CDK5) protein kinase. The motif for the CDK5 protein kinase is S/TPXK/R. Page 
9600, abstract. Sharma also teaches that the motif for protein kinase A (PKA) is 
RRXS/A. Page 9604, column 2, paragraph 2. Clearly the state of the art was advanced 
and rich. 

The Level of One of Ordinary Skill 

The level of one of ordinary skill was high at the time applicants filed their 
application. The skilled worker, a protein chemist and/or an X-ray crystallographer, 
would have knowledge of bond lengths, protein kinase substrate motifs, and substrate 
specificity of protein kinases. 
Level of Predictability 

Because the state of the prior art and the level of the skilled artisan were high, the 
level of predictability was also high. The numerous studies in the prior art of protein 
kinase substrates provide a rich data source of peptide moieties which can function in a 
bisubstrate inhibitor. The knowledge of organic chemistry to make tethers of carbon, 
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hydrogen, and oxygen having a suitable length was again extremely rich. The nucleotide 
moieties and analogs known in the art were also many. Putting these components 
together by standard techniques of organic chemistry was highly predictable. No reasons 
have been put forward why these components could not have been readily joined. No 
reasons have been put forward why such joined components should not function in the 
intended manner. 

The Amount of Guidance Provided 

The invention employs known components. It specifies, however, that a tether of 
at least 4.9 A be used. Applicants are very specific in guiding those of skill in the art to 
tethers of the proper length. This tether length is all that those in the art would need to 
practice the invention based on the state of the prior art and the skill level in the art. 
Existence of Working Examples 

The applicants provide two working examples: compounds 2 and 4. "Kinase 
assays with compound 2 revealed it to be a potent inhibitor of IRK." Page 13, paragraph 
47. "Preliminary assays using the kemptide-ATPy-S conjugate as a specific inhibitor of 
protein kinase A (PKA) have been performed and show the conjugate to be inhibitory to 
PKA." Page 21, paragraph 65. The existence of these working examples weighs in favor 
of a finding of enablement. 
Quantity of Experimentation Needed 

Given the content of the disclosure, one of ordinary skill in the art could readily 
have practiced the invention without a great deal of experimentation. All component 
parts of the claimed bisubstrate inhibitors were known. One of ordinary skill would 
merely need to assemble the parts. These parts had been similarly assembled in the prior 
art. Such assembly would not require undue experimentation. 
Conclusion 

A consideration of the Wands factors leads to a conclusion that the invention can 
be practiced by those of skill in the art without recourse to undue experimentation. 
Withdrawal of this rejection is respectfully requested. 
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Biochemistry 

YMXM motifs of IRS-1 define substrate specificity of the insulin 
receptor kinase 

(signal transduction/phosphatidylinositol 3'-kinase/oncogene/tyrosine kinase /sre homology domain 2) 

Steven E. Shoelson^, Swati Chatterjee, Manas Chaudhuri, and Morris F. White 

Research Division, Joslin Diabetes Center, Departments of Medicine, Brigham and Women's Hospital and Harvard Medical School, Boston, MA 02215 



Communicated by Josef Fried, December 6, 1991 

ABSTRACT Of 34 tyrosine residues in insulin receptor 
substrate 1 (IRS-1), 14 are adjacent to acidic residues, sug- 
gesting that they might be phosphorylation sites. Synthetic 
peptides corresponding to sequences surrounding these ty- 
rosines were used as substrates of the insulin receptor kinase. 
Surprisingly six of these, each within YMXM motifs, were 
phosphorylated with greatest efficiency (K m , 24-92 pM; 
Jfccat/tfm, 0.6-2.1 x 10 4 M" I *sec~ 1 ). Substituted YMXM pep- 
tides revealed a strong preference of the insulin receptor kinase 
for methionine at Y + 1 and Y + 3 positions. When phosphor- 
ylated, related YMXM sequences are recognition motifs for 
binding to proteins with s/r-homology (SH2) domains. The 
combined hydrophobic and flexible nature of methionine side 
chains adjacent to the targeted tyrosines provides a versatile 
contact for recognition by diverse proteins involved in signal 
transduction. 



Insulin binding to the extracellular a subunits of the insulin 
receptor activates tyrosine kinase activity intrinsic to the 
intracellular 0 subunits (1-4). This finding sparked a search 
for cellular substrates that could link the insulin receptor to 
postreceptor signaling events. The first identified endoge- 
nous substrate of the insulin receptor was ppl85, a cytoplas- 
mic phosphoprotein of 165-185 kDa (5). Recently, a cDNA 
corresponding to a component of the ppl85 band was se- 
quenced to provide the deduced primary structure of insulin 
receptor substrate 1 (IRS-1) (6, 7). As IRS-1 has little 
extended sequence homology with other known proteins, an 
intrinsic function for it has not been assigned. IRS-1 is 
phosphorylated on tyrosine residues after insulin stimulation 
(7), although the exact sites of phosphorylation have yet to be 
determined. Of a total of 34 tyrosines, 14 are preceded by 
acidic amino acids, suggesting that they might be targets of 
the insulin receptor kinase. Surprisingly, 6 of these are in 
YMXM motifs and two more are in YXXM motifs. 

The platelet-derived growth factor (PDGF) receptor and 
polyoma virus middle-sized tumor antigen (middle T antigen) 
contain similar YMXM and homologous YVXM motifs, 
which are phosphorylated and thought to be essential for 
binding to phosphatidylinositol 3'-kinase (PI 3-kinase) (8, 9). 
The 85-kDa regulatory subunit of PI 3-kinase contains two 
SH2 domains (10, 11), which are thought to mediate its 
interactions with the PDGF receptor, the pp6XP sr 7middle T 
antigen complex, and other proteins involved in cellular 
signaling (8). In fact, immunoprecipitation studies suggest 
that PI 3-kinase activity is closely associated with IRS-1 after 
insulin stimulation of intact cells (7, 12, 13). Thus, phosphor- 
ylated IRS-1 might act as a "docking protein*' to bind and 
regulate PI 3-kinase and additional signal-transducing pro- 
teins containing SH2 domains as well. 



The publication costs of this article were defrayed in part by page charge 
payment. This article must therefore be hereby marked "advertisement" 
in accordance with 18 U.S.C. §1734 solely to indicate this fact. 



In this study, we show that peptides corresponding to 
IRS-1 YMXM motifs are excellent substrates of the insulin 
receptor kinase. In fact, within a given sequence the presence 
of methionine residues at Y + 1 and Y + 3 positions is even 
more important than acidic residues N-terminal to tyrosine 
for catalytic efficiency. These findings suggest that in addi- 
tion to being recognition elements for interactions with SH2 
domain-containing proteins, residues within YMXM se- 
quences form a recognition motif for insulin receptor- 
catalyzed phosphorylation. These studies define structural 
requisites for efficient phosphorylation of a cellular substrate 
of the insulin receptor and may extrapolate directly to other 
members of the family of tyrosine kinases and their interac- 
tions with additional elements of signaling cascades. 

EXPERIMENTAL PROCEDURES 

Peptide Synthesis. Solid-phase syntheses were performed 
on an Applied Biosystems model 430A synthesizer using 
standard dicyclohexylcarbodiimide-mediated preformed 
symmetrical anhydride coupling protocols. Amino acids with 
standard butoxycarbonyl/benzyl protecting groups were 
purchased from Applied Biosystems; additional solvents and 
reagents were the highest purity available. Peptide products 
were cleaved from the resin, side-chain protecting groups 
were removed, and methionine sulfoxide was reduced during 
"low-high" cleavages with trifluoromethanesulfonic acid 
(14). Peptides were typically quite pure; those having <95% 
purity by analytical reversed-phase HPLC were purified 
further by preparative HPLC (Waters Prep 4000) on a Dy- 
namax-300A 12-jim C8 column (41.4 x 250 mm) equipped 
with a matched guard column. Peptides were eluted with a 
mobile phase composed of acetonitrile in 0.05% aqueous 
trifluoroacetic acid (80 ml/min). Amino acid analyses of all 
peptides used for kinetic analyses were as predicted. 

Insulin Receptor Preparation. Chinese hamster ovary 
(CHO) cells, transfected with human insulin receptor con- 
structs and expressing Kr 5 receptors per cell (15), were grown 
in suspension in a 10-liter spinner flask in modified McCoy's 
5A medium (GIBCO) containing 0.0345 mg of L-proline per 
ml and no CaCl 2 (16, 17). Cells were solubilized in 1.0% 
Triton X-100 and receptors were partially purified on wheat 
germ agglutinin (WGA)/agarose as described (17, 18). WGA- 
purifled protein was stored at -70°C until needed. Identical 
aliquots of receptor were used for all assays. 

Substrate Phosphorylation Experiments. WGA-purified in- 
sulin receptor (600 /xl; 1.5 pmol) was incubated sequentially 
with 1 /iM insulin (1 h at 4°C) and 50 ATP/5 mM MnCl 2 
(1 h at 22°C) for maximal phosphorylation. The peptides were 
diluted appropriately in a mixture of 50 ^M [y- 3 P]ATP/5 mM 
MnCl 2 in 50 mM Hepes containing 0.1% Triton X-100. 
Substrate phosphorylation reactions were initiated by the 



Abbreviations: IRS-1, insulin receptor substrate 1; PDGF, platelet- 
derived growth factor; middle T antigen, polyoma virus middle-sized 
tumor antigen; PI 3-kinase, phosphatidylinositol 3 '-kinase; SH2 and 
SH3, sre homology domains 2 and 3; WGA, wheat germ agglutinin. 
tTo whom reprint requests should be addressed. 
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addition of 13 /x\ (32 fmol) of activated (insulin stimulated and 
ATP phosphorylated) insulin receptor, allowed to proceed at 
22°C for 5 min (final vol, 40 /tl), and terminated by addition 
of 65 yX of 5% trichloroacetic acid. Incorporated phosphate 
was determined by a modification of the phosphocellulose 
adsorption method (19). High molecular weight species were 
removed by precipitation after incubation in the presence of 
0.16% bovine serum albumin for 30 min at 4°C. Portions of 
each supernatant solution containing phosphorylated pep- 
tides were spotted onto 2-cm 2 pieces of P81 phosphocellulose 
paper (Whatman) and washed four times for 30 min each in 
1.0 liter of 0.075 M phosphoric acid. The papers were rinsed 
in acetone and allowed to air dry; incorporated phosphate 
was determined by Cerenkov counting. 

Kinetic Analyses. Values for 32 P incorporation into the 
peptide substrates (cpm) were converted to pmol/min rates 
(V) to facilitate direct comparisons between peptides; divid- 
ing each pmol/min value by 1.3 x 1(T 5 mg (the amount of 
WGA-purified protein) converts it to the corresponding pmol 
per min per mg of protein value. K m and V raax values and the 
corresponding standard errors were determined with the 
assistance of the enzyme program (20), which follows algo- 
rithms for appropriate weighting of data described by Cleland 
(21); each peptide was analyzed in two to five separate 
experiments (see Table 2). The amount of insulin receptor in 
the WGA-purified protein isolated from human insulin re- 
ceptor construct-transfected CHO cells, estimated by 
[ l25 I]insulin binding and Scatchard analyses using the ligand 
program (22), was 25 nmol/mg (range, 10-40 nmol/mg), 
which corresponds to 1% of the lectin-bound protein. This 
value was used to determine turnover rates (k^d and catalytic 
efficiency (k^JKJ. 

RESULTS 

Peptide Design. Peptides corresponding to sequences of 
IRS-1 surrounding tyrosine residues were synthesized. All 
consensus sites for tyrosine phosphorylation within YMXM 
motifs were prepared, as were additional consensus se- 
quences not found in YMXM motifs (Table 1). Each peptide 
was designed to include (/) the specificity residue Y, (i7) 
acidic residues N-terminal to Y, (Hi) residues at Y + 1 to Y 
+ 5 positions, including the entire YMXMSP sequence, when 
appropriate, and (iv) as many native basic residues as pos- 
sible, up to a total of three. If sufficient basic residues were 
not present within the native sequence, lysine residues were 
added at the C or N termini to a total of three to guarantee 
adsorption to the phosphocellulose paper used in the phos- 
phopeptide assay (23). Therefore, peptides varied in length 
(10-18 residues) and position of the tyrosine residue. 

Each peptide contains only one tyrosine with the exception 
of Y46,+ which contains two side-by-side tyrosines flanked 
by glutamic acid residues (Table 1). Peptides Y460 and Y546 
contain YXXM motifs in which the Y + 1 position is 
isoleucine or threonine, respectively, with acidic residues at 
appropriate positions relative to Y (Table 1). Peptides Y608, 
Y628, Y658, Y727, Y939, and Y987 each contain complete 
YMXM motifs with at least one acidic residue N-terminal to 

Y (Table 1). A final peptide, Y998, contains a single tyrosine 
residue that is neither in a YMXM motif nor adjacent to an 
N-terminal acidic residue; like four of the YMXM peptides, 
however, it does contain a serine and proline at the Y + 4 and 

Y + 5 positions (Table 1). 



^Peptides arc named according to the position of tyrosine in the 
sequence of IRS-1 (e.g., a peptide corresponding to the sequence 
surrounding Y 987 is called Y987); an analogue of Y 987 in which 
methionine at the +1 position is mutated to threonine is called 
Y987(M988T). Peptide sequences are listed in Table 1. 
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Table 1. Synthetic peptides corresponding to native and 
modified sequences of IRS-1 

Position/name Sequence 

Double tyrosine 



Y46 


RLEHENEKK 


YXXM motifs 




Y460 


KRGEEELSNUCAGGK 


Y546 


K K V S I E EHfifiM P A K 


YMXM motifs 




Y608 


/T/THTDDGYMPMSPGVA 


Y628 


RKGNGDGHMSPKSV 


Y658 


/TifRVDPNGHlflHSPSGS 


Y727 


ZfK/fLPJlTGDlMflSPVGD 


Y939 


/CKGSEEXMflDLGPGR 


Y987 


/C/TSRGDXflMQIG 


Nonspecific sequence 




Y998 


JTPRNSXVDT££VAPK 


Modified Y987 sequences 




Y987(D986N) 


KffSRGffXHAQIG 


Y987(M988I) 


KffSRGDUMQIG 


Y987(M988T) 


/C/TSRGDimiQIG 


Y987(M988Nle) 




Y987(M990T) 


ff/rSRGDXMlIQIG 



Phosphorylated tyrosines are boldface and underlined, as are 
additional elements of the YMXM specificity motif. Non-native 
residues are in italics; basic residues were added for assay purposes 
and there is a cysteine to alanine substitution for peptide Y727. For 
modified Y987 sequences, substituted positions are italicized. 
tNorleucine. 

Additional analogues of Y987 (a low K m substrate with a 
complete YMXM motif) were prepared to test the functional 
importance of residues surrounding the targeted tyrosine 
(Table 1). To determine directly the effect of isoleucine or 
threonine in place of methionine at the Y + 1 position, as 
occurs naturally in sequences surrounding Y460 and Y546, 
these residues were substituted into the sequence of Y987. In 
addition, norleucine, which is isomorphic with methionine, 
was substituted at the Y + 1 position to further test require- 
ments for side-chain hydrophobicity and flexibility. The 
function of methionine at the Y + 3 position of Y987 was also 
tested by analogous substitution to threonine, and the re* 
quirement for an acidic residue (aspartic acid at Y - 1) was 
tested by a conservative substitution to asparagine. 

Peptide Phosphorylations and Kinetic Analyses. All peptides 
(Table 1) were phosphorylated by the insulin-stimulated and 
autoactivated receptor kinase in a time- and temperature- 
dependent fashion and displayed saturable kinetics (Fig. 1 A 
and C), which yielded linear Lineweaver-Burk plots (Fig. 1 
B and D). In every case, phosphorylation reactions were 
linear for at least 5 min (data not shown), validating condi- 
tions used for determinations of K m and values (Table 
2). Rates of peptide phosphorylation (V max ) and peptide 
concentrations required for half-maximal saturation (K m ) 
varied dramatically between peptides (Fig. 1). The slopes of 
double reciprocal plots, which are proportional to Km/^max 
(the inverse of catalytic efficiency), clustered into two groups 
(Fig. 1 B and D). Notably, native sequences having entire 
YMXM motifs displayed the smallest slopes (Fig. ID) and 
were therefore phosphorylated most efficiently. By contrast, 
YXXM peptides and other sequences not containing com- 
plete YMXM motifs all displayed steeper slopes (Fig. 15), 
demonstrating that they were phosphorylated less efficiently. 

Calculation of kinetic constants revealed that K m values for 
YMXM peptides ranged from 24 to 92 fiM, lower than values 
previously reported for any peptides used as exogenous 
substrates of the insulin receptor (Table 2). Values for V^, 
which range from 0.9 to 1.7 pmol/min (69-131 nmol- 
min^-rng -1 ), are difficult to compare to previous studies as 
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Fig. 1. Phosphorylation of peptides corresponding to native 
IRS-1 sequences by the insulin receptor kinase. Representative V vs. 
substrate concentration (A and C) and double reciprocal plots {B and 
D) are shown for phosphorylation of non-YMXM sequences (A and 
B) and YMXM sequences (Cand D). Peptide sequences are identified 
in Table 1; methods used for phosphorylation reactions and data 
handling are described in Experimental Procedures. 

this number varies with kinase specific activity. Values for 
fccat/tfm, determined in this study, range from 0.6 to 2.1 x 10* 
M" 1 ^ -1 . Therefore, in terms of substrate binding (estimated 
by tfj, turnover rates (Z^), and overall catalytic efficiency 
(*cat/^m)» all of the YMXM peptide sequences are excellent 
substrates of the insulin receptor kinase. 

Similar analyses were performed with YXXM motifs (pep- 
tides Y460 and Y546; Table 1). Interestingly, K m for peptide 
Y460 phosphorylation (isoleucine at the Y + 1 position) was 
73 /LtM, within the range of values for YMXM peptides; this 
peptide was a less efficient substrate because was 0.30 
pmol/min, well below the range for YMXM peptides, which 
suggests that side-chain flexibility in addition to hydropho- 

Table 2. Summary of kinetic constants 



Peptide 



pmol/min 



M-^s" 



Double tyrosine 






















Y46 


140 




85 


0.3 




0.06 


0.14 


1.0 
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10 3 


YXXM motifs 






















Y460 


73 




15 


0.3 




0.03 


0.16 


2.1 


X 


10 3 


Y546 


300 




30 


1.4 


± 


0.07 


0.73 


2.4 


X 


10 3 


YMXM motifs 






















Y608 


90 




20 


1.1 
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0.09 


0.57 


6,2 


X 


10 3 


Y628 


60 




8 


1.2 




0.06 


0.63 


1.0 


X 


10 4 


Y658 


86 
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16 


1.6 
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0.12 


0.83 


9.7 


X 


10 3 


Y727 


24 
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2.9 


0.9 




0.06 


0.47 


2.0 


X 


10 4 


Y939 


61 




29 


1.7 




0.3 


0.89 


1.5 
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10 4 


Y987 


34 




8.8 


1.4 
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0.11 


0.73 


2.1 
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Y987(D986N) 


250 




69 


3.9 




0.6 


2.0 


8.1 


X 


10 3 


Y987(M988I) 


80 


± 


15 


0.9 


± 


0.07 


0.47 


5.9 


X 


10 3 


Y987(M988T) 


250 




80 


2.7 


± 


0.44 


1.4 


5.6 


X 


10 3 


Y987(M988Nle) 


24 




7.1 


1.3 




0.12 


0.68 


2.8 


X 


10 4 


Y987(M990T) 


370 




110 


1.2 


± 


0.13 


0.63 


1.7 


X 


10 3 



bicity at the Y + 1 position might be necessary for high 
turnover and catalytic efficiency. By contrast, the reduced 
catalytic efficiency of peptide Y546 (threonine at the Y + 1 
position) was due to a high K m for phosphorylation, which at 
300 yM was substantially greater than corresponding values 
for YMXM peptides; in this case V^, at 1.4 pmol/min, was 
similar to the YMXM peptides. Within a limited context, 
these results begin to suggest that the unique character of 
methionine (being flexible and hydrophobic) performs a 
special function in enhanced catalytic efficiency. 

To test this more directly, the Y + 1 position within 
YMXM peptide Y987 was substituted with isoleucine, thre- 
onine, and norleucine (Table 1). In fact, both M988I and 
M988T substitutions reduced catalytic efficiency (k^JKm) 
nearly 4-fold (Fig. IB, compare slopes); the reasons for 
reduced efficiency were different for the two peptides, how- 
ever. The M988I substitution increased K m 2- to 3-fold and 
reduced V m nearly 2-fold (Table 2). By contrast, the M988T 
substitution increased both K m (7- to 8-fold) and (2-fold). 
Thus, in a single, defined YMXM sequence M988I and 
M988T substitutions have the same general effect as ob- 
served for the YXXM peptides (Y460 and Y546). Substitution 
of methionine with norleucine, whose side chain mimics that 
of methionine regarding both hydrophobicity and flexibility, 
had no observable effect on K mt V^, and *cat/^m (Fig. 2B; 
Table 2). 

For further comparison, we substituted the Y + 3 methi- 
onine of peptide Y987 and the acidic residue N-terminal to 
tyrosine (Y - 1). Surprisingly, the M991T substitution had an 
effect even greater than the related Y + 1 substitutions (Fig. 
2D), with a 12-fold reduction in catalytic efficiency (k^/Km) 
resulting exclusively from an increase in K m (Table 2). 
Therefore, methionine residues at Y + 1 and Y + 3 positions 
play a very special role in directing efficient catalysis by the 
insulin receptor kinase. Acidic residues, which exist near 
autophosphorylated tyrosines in the insulin receptor and 
other protein tyrosine kinases, are presumed to be important 
for intermolecular substrate recognition as well (23-27). The 
only acidic residue in the Y987 sequence was substituted with 
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Fig. 2. Insulin receptor-catalyzed phosphorylation of substi- 
tuted peptides corresponding to the IRS-1 sequence surrounding 
Y987. Representative V vs. substrate concentration {A and C) and 
double reciprocal plots (B and D) are shown for phosphorylation of 
peptides substituted at the Y + 1 position (A and B) or Y - 1 and Y 
+ 3 positions (C and D). Peptide sequences are identified in Table 1; 
methods used for phosphorylation reactions and data handling are 
described in Experimental Procedures. 
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asparagine to assess the isolated effect of having no negative 
charge N-terminal to tyrosine (Fig. 2D). K m was increased 
8-fold while was increased nearly 3-fold. These changes 
caused a net 2.5-fold reduction in catalytic efficiency {k^J 
K^. Surprisingly, this is less deleterious than the corre- 
sponding effects observed for substituting methionine resi- 
dues at either Y + 1 or Y + 3 positions (Table 2). 

Two additional peptides corresponding to IRS-1 sequences 
not associated with YXXM or YMXM motifs were studied 
for comparison. Y46 contains a paired YY sequence flanked 
by acidic residues (EYYENE), resembling to a degree the 
major phosphorylation site of the insulin receptor itself 
(DIYETDYY) (28-30). The K m for peptide Y46 phosphoryl- 
ation was 134 jiM, higher than that observed for YMXM 
peptides (Table 2), and was 3- to 4-fold lower. There- 
fore, although Y46 can be considered to be a good substrate 
of the insulin receptor, it was phosphorylated with lower 
efficiency (6- to 36-fold) than YMXM peptides. Peptide Y998, 
which contains serine and proline at the Y + 4 and Y + 5 
positions but lacks an acidic residue and methionine alto- 
gether, has a K m for phosphorylation that is markedly ele- 
vated (3.2 mM). In addition, is reduced (0.4 pmol/min) 
so k c JK m is dramatically reduced (65 M^-s" 1 ), which dem- 
onstrates the importance of primary sequence in directing 
insulin receptor kinase action and suggests that the effects of 
acidic residues N-terminal to tyrosine and methionine resi- 
dues at Y + 1 and Y + 3 positions are cumulative. 

DISCUSSION 

Unlike serine/threonine-protein kinases, whose substrate 
recognition sequences are well defined by basic residues 
neighboring the phosphate acceptor (31-33), recognition se- 
quences for substrates of protein tyrosine kinases are not well 
characterized. Autophosphorylated tyrosines within protein 
tyrosine kinase sequences are frequently located near acidic 
residues, which has led most investigators to focus on these 
positions as consensus sequences for tyrosine phosphoryla- 
tion (23-27, 34-37). Synthetic peptides corresponding to 
autophosphorylation sites are phosphorylated by tyrosine 
kinases with K m values typically in the millimolar range, 
which is considerably higher than values obtained for peptide 
substrates of serine/threonine kinases (23-27, 31-37). Unre- 
lated peptides such as angiotensin and gastrin analogues are 
also phosphorylated by protein tyrosine kinases. Angioten- 
sins I and II (both containing the DRVY*IHPF sequence) are 
phosphorylated with K m values in the 1-4 mM range (26, 34), 
while gastrin analogues having five sequential glutamates 
N-terminal to tyrosine are phosphorylated with K m values in 
the 50-200 /tM range (35, 36). In fact, of all synthetic peptides 
studied previously as tyrosine kinase substrates, gastrin had 
the lowest K my a fact supporting the notion that acidic 
residues are important for tyrosine phosphorylation. How- 
ever, systematic studies to define substrate specificity 
showed that when acidic residues of various peptides were 
replaced by uncharged amino acids, effects on Vmax/*m were 
often relatively small (2- to 4-fold) (23-27, 34-37). 

The insulin receptor has tyrosine kinase activity similar to 
that of the viral transforming proteins, their cellular coun- 
terparts, and growth factor receptors. The insulin receptor 
phosphorylates the src peptide and angiotensin with K m 
values in the millimolar range (26) and, in addition, phos- 
phorylates a peptide corresponding to its own major auto- 
phosphorylation site (residues 1154-1164) (28-30) with a K m 
value of 0.2-0.3 mM (18, 23, 30, 37). While the sequence at 
residues 1154-1164 might be a preferred substrate sequence, 
it was the recent identification of an endogenous substrate 
that allowed us to test sequences that might direct intermo- 
lecular substrate recognition. Finding biologically important 
sites of substrate phosphorylation will facilitate testing the 
importance of elements of secondary or tertiary structure in 



addition to that of primary sequence. For the insulin recep- 
tor, IRS-1 may be such a substrate. IRS-1 is a component of 
ppl85 that is immunoprecipitated from insulin-stimulated 
cells by anti-phosphotyrosine antibodies. IRS-1 is phosphor- 
ylated on tyrosine residues in response to insulin (5-7) and 
appears to link the receptor to other components of the 
intracellular signaling cascade (e.g., PI 3-kinase; ref. 7). 

As yet, we do not know which of the 34 tyrosine residues 
in IRS-1 are actually phosphorylated, although 14 have acidic 
residues N-terminal to the tyrosine position, which would 
categorize them as conventional consensus sequences for 
tyrosine kinase recognition. Surprisingly, 6 of these are 
within YMXM motifs and 2 more are in YXXM sequences, 
which previous studies (8-10, 38) suggest are important for 
interactions with PI 3-kinase and other proteins having SH2 
domains. In this report, we show that synthetic peptides 
corresponding to IRS-1 YMXM sequences are excellent 
substrates for the insulin receptor kinase. In fact, calculated 
values of K m are lower than has been reported previously for 
peptides phosphorylated by any tyrosine kinase, with the 
exception of epidermal growth factor receptor-catalyzed 
phosphorylation of gastrin (which contains the homologous 
EEEEEAYGWM sequence; refs. 35 and 36). 

Amino acid substitution studies show that different posi- 
tions within the YMXM motif effect catalytic efficiency. 
Substitutions of methionine at Y + 1 decrease catalytic 
efficiency for tyrosine phosphorylation «=»4-fold, estimated by 
(/) comparisons of k CSA /K m for peptides Y460 and Y546 
(YXXM motifs) and the six YMXM peptides, and (if) direct 
comparisons between k^/Km for the wild-type Y987 se- 
quence and substituted peptides Y987(M988I) and 
Y987(M988T). Notably, norleucine and methionine at the Y + 
1 position are functionally indistinguishable. Substitution of 
methionine at Y + 3 with threonine has an even greater effect 
on peptide Y987 phosphorylation, in this case reducing 
*cat/^ m *• 12-fold due to an effect on K m . Both of these effects 
are greater than that produced by substituting aspartic acid 
with asparagine at Y - 1 of peptide Y987 («*2.5-fold reduction 
in Acat/^m). Sequences having neither N-terminal acidic res- 
idues nor methionine at Y + 1 and Y + 3 positions are 
phosphorylated much less efficiently. We do not know the 
significance of residues at the Y + 2 position (proline, methi- 
onine, asparagine, or threonine in the YMXM sequences 
studied here). Four of the six YMXM sequences of IRS-1 also 
have serine and proline at the Y + 4 and Y + 5 positions, 
although peptides with or without the YMXMSP residues are 
phosphorylated with equal efficiency. Furthermore, the Y998 
sequence contains serine and proline at the Y + 4 and Y + 5 
positions but without an acidic residue or methionine phos- 
phorylation was inefficient. The function (if any) served by 
these residues appears not to be related to phosphorylation. 

What, if anything, is special about Y + 1 and Y + 3 
positions, and why does methionine at these positions enhance 
kinetic efficiency? Sequences directly contiguous to and in- 
cluding YMXM are predicted by the Chou-Fasman algorithm 

(41) to be unstructured, although 0-turns are predicted to flank 
each of the YMXM motifs of IRS-1 (data not shown). Alter- 
natively, it has been proposed that substrates might adopt 
amphiphilic helical structures at the kinase catalytic surface 

(42) ; if so, methionine residues at Y + 1 and Y + 3 positions 
might be positioned appropriately for direct participation in 
binding. While we have not yet been able to analyze structure, 
the unique character of methionine may play a special role 
here. Isoleucine, leucine, and valine, while also highly hydro- 
phobic, have branched and thus relatively rigid side chains. By 
contrast, the side chain of methionine is unbranched, provid- 
ing considerable structural flexibility. In support of this, 
norleucine, which is equally flexible and hydrophobic com- 
pared to methionine, has an identical capacity to direct insulin 
receptor kinase action. This feature of methionine has recently 
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been proposed to provide a malleable nonpolar surface for 
signal peptide recognition (43) and plasticity in protein inter- 
actions with calmodulin (39), which would allow structurally 
diverse nonpolar surfaces to conform to the respective rec- 
ognition surfaces of the proteins to which they bind (40). Such 
a malleable, nonpolar surface might provide a mechanism to 
explain how the same IRS-1 YMXM motifs interact with the 
insulin receptor kinase and PI 3-kinase and, potentially, other 
tyrosine kinases and proteins with SH2 domains as well. The 
side chains of residues in the YMXM domain might be 
sufficiently flexible to provide a nonpolar surface that accom- 
modates itself equally to the surfaces of kinase active sites and 
SH2 protein binding pockets. 

Relationships between IRS-1 and other signal transduction 
proteins may be quite complex, as IRS-1 contains multiple 
copies of the YMXM motif that could interact selectively with 
different tyrosine kinases as well as distinct effector molecules 
containing various isoforms of the SH2/SH3 domain. Fur- 
thermore, other proteins involved in signal transduction con- 
tain related sequences. The PDGF receptor phosphorylates 
itself within YMXM or YVXM motifs (44), the src-associated 
middle T antigen contains a phosphorylated EEEEEEYMPM 
sequence (8, 45), and similar sequences within the colony- 
stimulating factor 1 receptor (DTYVEM) and kit oncogene 
(DSTNEYMDM) may be phosphorylated, as well (8). 
Whether YMXM mottfs define a recognition sequence for 
efficient tyrosine phosphorylation by these and other protein 
tyrosine kinases remains to be tested. For the src-associated 
middle T antigen and the PDGF receptor, these sequences are 
thought to be involved in recognition by PI 3-kinase through 
interaction with one or the other of its SH2 domains (8, 9, 38, 
44). Similarly, studies to block interactions between IRS-1 and 
PI 3-kinase with synthetic phosphopeptides corresponding to 
IRS-1 YMXM sequences suggest that these interactions in- 
volve SH2 domains as well (unpublished data). 

In conclusion, YMXM, a redundant sequence motif iden- 
tified in IRS-1, is shown to define substrate specificity of the 
insulin receptor kinase. Methionine residues at the Y + 1 and 
Y + 3 positions are particularly important for efficient kinase 
recognition, in addition to acidic residues N-terminal to 
tyrosine. Knowing a target motif for the action of the insulin 
receptor kinases, and possibly other tyrosine kinases as well, 
may enhance our understanding of tyrosine kinase signaling 
pathways. Furthermore, a tyrosine kinase target motif may 
facilitate identification of additional known or newly identi- 
fied proteins that might be involved in related signaling 
pathways. Certainly, as genomic sequencing efforts pro- 
gress, it will be increasingly useful to have identified short 
peptide motifs to help decipher which of these DNA se- 
quences encodes proteins acting as potential targets of tyro- 
sine kinase action. 
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The crystal structure of the phosphorylated, activated 
form of the insulin receptor tyrosine kinase in complex 
with a peptide substrate and an ATP analog has been 
determined at 1.9 A resolution. The activation loop 
(A-loop) of the kinase undergoes a major conform- 
ational change upon autophosphorylation of Tyrll58, 
Tyrll62 and iyrll63 within the loop, resulting in 
unrestricted access of ATP and protein substrates to 
the kinase active site. Phosphorylated Tyrll63 
(pTyrl!63) is the key phosphotyrosine in stabilizing 
the conformation of the tris-phosphorylated A-loop, 
whereas piyrll58 is completely solvent-exposed, sug- 
gesting an availability for interaction with downstream 
signaling proteins. The YMXM-containing peptide 
substrate binds as a short anti-parallel (J-strand to the 
C-terminal end of the A-loop, with the methionine side 
chains occupying two hydrophobic pockets on the 
C-terminal lobe of the kinase. The structure thus 
reveals the molecular basis for insulin receptor activ- 
ation via autophosphorylation, and provides insights 
into tyrosine kinase substrate specificity and the 
mechanism of phosphotransfer. 
Keywords: autophosphorylation/insulin receptor/protein 
tyrosine kinase/substrate specificity/ X-ray 
crystallography 



Introduction 

Insulin stimulates numerous intracellular signaling path- 
ways that regulate cellular metabolism and growth (White 
and Kahn, 1994). The physiological effects of insulin are 
mediated by its cell surface receptor, an a 2 $2 transmem- 
brane glycoprotein with intrinsic protein tyrosine kinase 
activity (Ebina et al, 1985; Ullrich et al, 1985). Binding 
of insulin to the extracellular a-chains results in autophos- 
phorylation of specific tyrosine residues in the cytoplasmic 
portion of the P-chains: two in the juxtamembrane region, 
three in the kinase (catalytic) domain, and two in the 
C-terminal tail (Tornqvist et al, 1987; Tavare et al, 1988; 
White et al, 1988; Feener et al, 1993; Kohanski, 1993). 
Autophosphorylation of Tyrll58, Tyrll62 and Tyrll63 
in the activation loop (A-loop) of the kinase domain is 
critical for stimulation of kinase activity and biological 
function (Rosen et al, 1983; Ellis et al, 1986). 

The vast majority of receptor tyrosine kinases contain 
between one and three tyrosine residues in the kinase 
A-loop, which comprises subdomains VII and VIII of the 



protein kinase catalytic core (Hanks et al, 1991). In 
addition to the insulin receptor, other receptor tyrosine 
kinases whose biological function has been shown to 
depend on tyrosine autophosphorylation in the A-loop 
include insulin-like growth factor 1 (IGF-1) receptor (Kato 
et al, 1994), fibroblast growth factor (FGF) receptor 
(Mohammadi et al, 1996a), hepatocyte growth factor 
receptor (MET) (Longati et al, 1994), nerve growth 
factor receptor (TRKA) (Mitra, 1991), and brain-derived 
neurotrophic factor receptor (TRKB) (Middlemas et al, 
1994). 

The crystal structure of the unphosphorylated, low 
activity form of the insulin receptor kinase domain (IRK) 
has been reported previously (Hubbard et al, 1994). This 
structure suggested an autoinhibitory mechanism whereby 
Tyrll62 in the A-loop competes with protein substrates 
for binding in the active site, while residues in the 
beginning of the A-loop restrict access to ATP such that 
cw-autophosphorylation of Tyrll62 is prevented. Here, 
the crystal structure at 1.9 A resolution of the tris- 
phosphorylated, activated form of IRK (IRK3P) in com- 
plex with a peptide substrate and an ATP analog is 
presented. The conformational changes that occur upon 
autophosphorylation provide an understanding at the 
molecular level of the role of autophosphorylation in the 
activation of the insulin receptor and presumably other 
receptor tyrosine kinases. Moreover, the structure reveals 
the mode of peptide substrate binding to the insulin 
receptor kinase, and affords insights into the phospho- 
transfer mechanism. 



Results and discussion 
Structure determination 

A 306-residue fragment of the p-chain of the human 
insulin receptor which possesses tyrosine kinase activity 
was produced in a baculovirus/insect cell expression 
system (Wei et al, 1995). Cytoplasmic residues that are 
not included in the expressed protein are the first 25 
(juxtamembrane region) and the last 72 (C-terminal tail). 
Addition of MgATP to the purified kinase results in 
autophosphorylation of Tyrll58, Tyrll62 and Tyrll63 as 
confirmed by mass spectrometry and microsequencing of 
tryptic peptides (Wei et al, 1995). Crystals belonging to 
trigonal space group P3 2 21 were obtained from a ternary 
complex consisting of IRK3P, an 18-residue peptide sub- 
strate and a non-hydrolyzable ATP analog, adenylyl imido- 
diphosphate (AMP-PNP). 

The structure of the ternary complex was solved by 
molecular replacement using the structure of IRK as a 
search model, and has been refined at 1.9 A resolution 
with a crystallographic tf-value of 19.6% (6.0-1.9 A, 
F>2o). The atomic model includes all but the three 
N-terminal residues of IRK3P, one AMP-PNP molecule, 
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Fig. 1. Electron density map of the active site of IRK3P. Stereo view of a 2F 0 -F Z map computed at 1.9 A resolution and contoured at 1.2a. 
Superimposed is the refined atomic model. Carbon atoms are yellow, oxygen atoms red, nitrogen atoms blue, phosphate atoms purple, and sulfur 
atoms green. The red spheres represent water molecules and the white spheres represent Mg 2 ions. Figure prepared with SETOR (Evans, 1993). 



Table I. Data collection and refinement summary 


Data collection 
Resolution (A) 


Observations (TV) 


Completeness (%) 


Redundancy (%) R sym (%) a 


Signal <//a(/)> 


20.0-1.9 


93535 


98.6 (90.6) b 


4.1 6.5 (15.3) b 


12.9 


Refinement 0 
Resolution (A) 


Reflections (N) 


tf-value (%) d 


Root-mean-square deviations 










Bonds (A) Angles (°) 


B-factors (A 2 ) e 


6.0-1.9 


25082 


19.4 (22.6/ 


0.008 1.5 


1.4 



%ym = lOOXShuZj | /i(hklH/(hkl)> l^uZg /i(hkl). 

b Value in parentheses is for the highest resolution shell. 

c Atomic model includes 303 IRK3P residues, six peptide residues, one AMP-PNP molecule, two Mg 2 "*" ions, 202 water molecules (2653 atoms). 
d /?-value = lOOxS^il ^(hkOH^cOikl)! |/Xhkil^o(Wd)l> where F 0 and F c are the observed and calculated structure factors, respectively (F Q >2a). 
e For bonded protein atoms. 

f Value in parentheses is the free fl-value determined from 5% of the data. 



two Mg 2+ ions, six residues of the peptide substrate and 
202 water molecules. An electron density map in the 
vicinity of the active site is shown in Figure 1, data 
collection and refinement statistics are given in Table I, 
and a ribbon diagram of ternary IRK3P is shown in 
Figure 2A. 

Activation loop conformation 

In the unliganded IRK structure determined previously 
(Hubbard et a/., 1994), the A-loop (residues 1149-1170) 
traverses the cleft between the N- and C-terminal lobes 
such that both protein substrate and ATP binding sites are 
occupied. Tyrll62 in the A-loop is bound in the active 
site, hydrogen-bonded to the putative catalytic base 
(Aspll32), and residues of the protein kinase-conserved 
U50 DFG sequence in the beginning of the A-loop occupy 
the ATP binding site. Autophosphorylation of Tyrll58, 
Tyrll62 and Tyrll63 results in a dramatic change in the 
conformation of the A-loop (Figures 2B and 4 A). Tyrl 158, 
for example, is displaced ~30 A from its position in the 
unphosphorylated A-loop. The conformation of the tris- 
phosphorylated A-loop permits unrestricted access to the 
binding sites for ATP and protein substrates. 
The tris-phosphorylated A-loop is stabilized to various 



extents by the phosphotyrosine (pTyr) residues 
(Figure 4B). The phosphate group of pTyrll63 bridges 
the A-loop via hydrogen bonds to the side chain of 
Argll55 on one side of the loop and to the backbone 
amide nitrogen of Glyll66 on the other side. In addition 
to the electrostatic interaction with Argil 55, the phenolic 
ring of pTyr!163 is packed against the aliphatic portion 
of the Argll55 side chain. Argil 55 is also hydrogen- 
bonded to the carbonyl oxygen of the preceding residue. 
Arginine or lysine is highly conserved in the tyrosine 
kinase family at this position. The phosphate group of 
pTyrll62 makes two hydrogen bonds to the side chain of 
Argll64. For receptor tyrosine kinases with tandem tyro- 
sine residues corresponding to Tyrl 162 and Tyrl 163 (e.g. 
TRK, FGF receptor), an arginine or lysine is often found 
at the Argl 1 64 position. The phosphate group of pTyrl 1 58 
makes no protein contacts and consequently is the least 
ordered of the three phosphate groups. 

Two short P-strand interactions also serve to stabilize 
the tris-phosphorylated A-loop. P9 in the A-loop is paired 
with P6, which precedes the catalytic loop (residues 1 130— 
1137), and pi 0 in the A-loop is paired with pi 2 between 
aEF and <xF (Figures 2A and 3). This pairing scheme 
leaves pll, which in IRK was paired with plO, available 
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Fig. 2. Overall view of IRK3P and comparison with IRK. (A) Ribbon diagram of the IRK3P structure. The a-helices are shown in red, the (J-strands 
in blue, the nucleotide-binding loop in yellow, the catalytic loop in orange, the activation loop in green, AMP-PNP in black and the peptide substrate 
in pink. The termini are denoted by N and C. (B) Superposition of the C-terminal lobes of IRK and IRK3P. The backbone representation of IRK/ 
IRK3P is colored orange/green, with the activation loop colored red/blue. The axis (black) and arrow (blue) specify the rotation required to align the 
N-terminal P-sheet of IRK with that of IRK3P. (C) Superposition of the p-sheets in the N-terminal lobes of IRK and IRK3P. The backbone 
representation and carbon atoms of IRK/IRK3P are colored orange/green, oxygen atoms are red and nitrogen atoms are blue. (A) and (C) prepared 
with RIBBONS (Carson, 1991), (B) with GRASP (Nicholls et al, 1991). 



for interaction with a protein substrate. Compared with 
the unphosphorylated A-loop, which was poorly ordered 
for residues 1152-1 157, the tris-phosphorylated A-loop is 
relatively well ordered. 

The conformation of the tris-phosphorylated A-loop is 
in general similar to that of the mono-phosphorylated 
A-loop of cyclic AMP-dependent protein kinase (cAPK) 
(Knighton et aL, 1 991), cycl in-dependent kinase 2 (CDK2) 
(Russo et al y 1996) and the Src-family tyrosine kinase 



LCK (Yamaguchi and Hendrickson, 1996). A comparison 
with these kinase structures reveals that pTyrll63 in the 
IRK A-loop is structurally related to phosphothreonine 
(pThr)197 in cAPK, pThrl60 in CDK2 and pTyr394 in 
LCK (Figure 4B-D). 

Although pTyrll63 is in a spatial position similar 
to pThrl97/pThrl60 in cAPK/CDK2, the number of 
hydrogen-bonding interactions in which pTyrll63 parti- 
cipates is far fewer than for the pThr residues (Figure 4B 



5574 



Structure of activated insulin receptor kinase 



nucleotide-binding 
loop 



B1 B2 63 aC 



980 990 1000 1010 1020 1030 1040 1050 1060 1070 

VFPSSVFVPDEWIWSREKITLIJtELGQGSFGMVYEGN^ 

767885#3313373153565337470012210#0#5129946#150001003#815662453062014003508130005010105#6#5300012 

cat alytic lo op activation loop P +l loo p 

^oD^, aE P6^ ^ 67 68^ p9 yo fju 



1080 1090 1100 1110 1L20 1130 1140 1150 * U ? 0 ** L1 7° 

LMAHGDLKSYLRSLRPEAENNPGRPPPTLQEMIQMAAEIADGMAYLNAKKFVHEDLAARNCMVA 

1033320240030037 #2 #6358363 1546300100000000000024321000100030020065410000300103506854425297 #592111000 



^£€^ 612 q_F aG aH 

"Uf0~" ™ "u<t6 12ptT 1210 122b'" 4 1230 1240"""" 1250 1260 1270 1280 

PESLKDGvTTTSSDMWSFGV^WEITSIJUBQPYQGLSNEQVXKFVMDGGYLDQPDNCPEBWD 

01016411012100000000000001110530077354740363026415083189127302400#300353286004034004403851573047300134#52 

Fig. 3. Secondary structure comparison of IRK and IRK3P and residue solvent accessibility. The secondary structure assignments for IRK and 
IRK3P were obtained using PROCHECK (Laskowski et al., 1993). Striped bars delineate a-helices and black bars delineate 0-strands. The 
assignments for IRK appear on top and those for IRK3P on bottom. The three autophosphorylation sites in the activation loop are marked with an 
asterisk. The numbers under the amino acid sequence represent the fractional solvent accessibility (FSA) of the residue in the IRK3P structure. The 
FSA is the ratio of the solvent-accessible surface area of a residue in a GXG tri-peptide to that in the IRK3P structure. A value of 0 represents an 
FSA between 0.00 and 0.09, 1 represents an FSA between 0.10 and 0.19, etc. The higher the FSA, the more solvent-exposed the residue. The FSAs 
were computed in the absence of MgAMP-PNP, peptide substrate and water molecules. A # in the FSA line indicates that the side chain for that 
residue is not included in the atomic model due to disorder. 



and C). Argl 131, the residue which immediately precedes 
the putative catalytic base, Asp 1132, is highly conserved 
in both the tyrosine and serine/threonine kinase families. 
In the cAPK and CDK2 structures (Knighton et aL, 1991; 
Russo et aL, 1996), the corresponding arginine is directly 
hydrogen-bonded to the pThr. Argl 131, however, is not 
observed to interact directly with pTyrll63. In the LCK 
structure, pTyr394 is also engaged in relatively few 
interactions, differing somewhat from those seen for 
pTyrl!63 (Figure 4D), which suggests a susceptibility of 
these pTyr residues to the action of tyrosine phosphatases 
(Yamaguchi and Hendrickson, 1996). 

A comparison of the phosphorylated A-loops of IRK3P 
and LCK (one residue shorter) shows that the conformation 
is similar at the beginning of the loop, which includes the 
conserved !150 DFG residues ( 382 DFG), but diverges after 
pTyrll63 (pTyr394) (Figure 4B and D). Residues at 
the end of the LCK A-loop, including kinase-conserved 
Pro403 (Proll72), are displaced further from the active 
site than the corresponding residues in IRK3P. Interest- 
ingly, based on the mode of peptide substrate binding 
observed in the present structure (discussed below), the 
C-terminal end of the A-loop in the unliganded LCK 
structure is not properly positioned for peptide binding. 

Lobe closure 

The rearrangement of the insulin receptor A-loop upon 
autophosphorylation facilitates a reorientation of the N- 
and C-terminal lobes of the kinase, which is necessary 
for productive ATP binding. In the structure of the 
unphosphorylated kinase domain of the FGF receptor, the 
ATP binding site is accessible, yet full engagement of 
ATP by the kinase does not occur due to interactions that 
impede lobe rotation (Mohammadi et aL, 1996b). In the 
IRK structure, the lobes are held apart by steric interactions 
between residues of the nucleotide-binding loop (1003- 
1008) and the 1150 DFG residues. When the C-terminal 
lobes of IRK and ternary IRK3P are superimposed, a 
nearly pure rotation of the N-terminal lobe of IRK by 



-21° aligns the five-stranded p-sheets (Figure 2B). The 
direction of the rotation is both towards the C-terminal 
lobe and parallel to the long axis of the molecule. Three 
pivot points in the rotation can be identified: two in the 
loop between aC and p4 (near Phel054 and Argl 061) 
and one near the last residue of p5 (Glul077), just before 
the segment connecting the two lobes (between P5 and 
ccD). The protein kinase-conserved glycine in the con- 
necting segment, Glyl082, does not appear to play a role 
in facilitating lobe movement. 

With respect to cAPK, the only other protein kinase for 
which structures of a ternary complex (with nucleotide 
and peptide) have been reported (Bossemeyer et aL, 1993; 
Zheng et aL, 1993), the lobes of IRK3P are rotated by 
~17°. Despite this difference, the actual lobe separation 
in the IRK3P and cAPK structures is similar as measured 
by the Ca-Ca distance between VallOlO (Val57) and 
Metll39 (Leul73), which flank the ATP adenine. This 
distance is 12.8 A in ternary IRK3P (15.0 A in IRK) and 
12.9 A in ternary cAPK. The lobe configuration in 
unliganded LCK (Yamaguchi and Hendrickson, 1996) 
is ~8° more open than that in ternary IRK3P, with a 
corresponding lobe-lobe separation of 13.9 A. 

Upon lobe closure, the P-sheet in the N-terminal lobe 
of IRK3P moves approximately as a rigid body. However, 
aC rotates an additional -35° towards the C-terminal lobe 
(Figure 2C). This movement of ocC places protein kinase- 
conserved Glul047 in proximity (4.4 A) to conserved 
Lysl030 in the ATP binding site. Three hydrophobic 
residues which lie along the same face of <xC, Leu 1038, 
Ilel042 and Leul045, are solvent-exposed in the IRK3P 
structure, whereas the latter two residues are partially 
buried in the IRK structure (Figure 2C). These hydrophobic 
residues, which are not conserved in the tyrosine kinase 
family, are perhaps involved in protein-protein interactions 
specific to insulin receptor subfamily members. 

MgAMP-PNP binding 

The entire AMP-PNP molecule is well ordered in the 
ternary IRK3P structure (Figure 1), indicative of a pro- 
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Fig. 4. Conformation of the IRK3P A-loop and comparison with other kinase A-loops. (A) Comparison of the A-loop conformations in IRK and 
IRK3P. The activation loop is colored green, the catalytic loop orange and the peptide substrate pink. The rest of the protein in each case is 
represented by a semi-transparent molecular surface. Also shown is AMP-PNP, which is partially masked by the N-terminal lobe of IRK3P. Carbon 
atoms are colored white, nitrogen atoms blue, oxygen atoms red and phosphorus atoms yellow. View is ~90° from that in Figure 2A, from the right 
side. (B) Selected hydrogen-bonding interactions for activation loop residues of IRK3P are shown as black lines. Atom coloring is the same as in 
(A) except that carbon atoms are gray. Coloring of the backbone representation is the same as in (A). Only a portion of the peptide substrate 
backbone is shown (P-l to P+l). (C) Selected hydrogen-bonding interactions for activation loop residues of cAPK (Zheng et al. f 1993) are shown 
as black lines. Coloring same as in (B), with other backbone segments colored blue. Only a portion of the peptide inhibitor backbone is shown (P-l 
to P+l). (D) Selected hydrogen-bonding interactions for activation loop residues of LCK (Yamaguchi and Hendrickson, 1996) are shown as black 
lines. Coloring same as in (B). Figure prepared with GRASP (Nicholls et a/., 1991). 
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Fig. 5. Interactions of MgAMP-PNP in the ternary IRK3P structure. 
The coloring of the backbone representation is the same as in Figure 
4B, with the nucleotide-binding loop colored yellow. Atom coloring is 
the same as in Figure 4B, with sulfur atoms colored green and Mg* + 
ions colored purple. Selected hydrogen bonds are shown as thin black 
lines and bonds to Mg 2+ ions are shown as thick black lines. Figure 
prepared with GRASP (Nicholls et aL, 1991). 



ductive binding mode. The interactions of AMP-PNP with 
IRK3P are illustrated in Figure 5. The adenine is situated 
between VallOlO and Metll39, and hydrogen-bonded to 
backbone groups of Glul077 and Met 1079. One of the 
ribose hydroxyl groups (02') is hydrogen-bonded to the 
side chain of Aspl 083, and the other (03') is hydrogen- 
bonded via a water molecule to the carbonyl oxygen of 
Argil 36 in the catalytic loop. The analogous interactions 
for the adenine and ribose are observed in the ternary 
cAPK structure (Bossemeyer et aL, 1993; Zheng et aL, 
1993), except that 03' is hydrogen-bonded directly to the 
carbonyl oxygen of Glul70 (Argil 36). 

The interactions of the nucleotide phosphate groups 
with IRK3P residues differ from those observed in the 
ternary cAPK structure. In cAPK, the nucleotide-binding 
loop is hydrogen-bonded via three backbone groups to 
the P- and y-phosphates of ATP (Bossemeyer et aL, 1993; 
Zheng et aL, 1993). In IRK3P, only one hydrogen bond 
is observed, between the backbone amide nitrogen of 
Serl006 and the P-phosphate (Figure 5). Moreover, in 
cAPK, protein kinase-conserved Lys72 is hydrogen- 
bonded to the a- and P-phosphates, whereas in IRK3P, 
Lysl030 is hydrogen-bonded to just the a-phosphate. 

The greater extension of the nucleotide-binding loop 
over the phosphates in ternary cAPK is probably due 
to hydrogen-bonding between the loop and the peptide 
inhibitor PKI (Bossemeyer et aL, 1993). In the ternary 
IRK3P structure, no interactions are observed between the 
nucleotide-binding loop and the peptide substrate. Owing 
to the longer side chain of tyrosine versus serine/threonine, 
the peptide substrate is positioned significantly further 
away from the N-terminal lobe in IRK3P than in cAPK 
(Figure 4B and C). It is likely, therefore, that the lack of 
interaction with the nucleotide-binding loop is a general 
feature of protein substrate-tyrosine kinase interactions. 

Two well-ordered Mg 2+ ions have been included in the 



atomic model based on the heights of the electron density 
peaks and the number and distances of coordinating atoms 
(Figures 1 and 5). Mgl shows nearly ideal octahedral 
coordination by six oxygen atoms (Mg ■ O = 2.0-2.2 A): 
one from each of the p- and y-phosphates, one from each 
of the side chains of protein kinase-conserved Asnll37 
(catalytic loop) and Aspl 1 50 (A-loop), and two from well- 
ordered water molecules (Figure 5). Mg2 has seven oxygen 
ligands (Mg O = 2.4-2.6 A): the same p-phosphate 
oxygen that coordinates Mgl, both carboxylate oxygens 
of Aspl 150, and four water molecules. Mgl and Mg2 are 
in positions similar to those of the inhibitory and activating 
metal ions, respectively, in ternary cAPK (Bossemeyer 
et aL, 1993; Zheng et aL, 1993), but the coordination by 
the phosphate groups differs. Mgl is coordinated by the 
p- and y-phosphates, whereas the inhibitory metal ion in 
ternary cAPK is coordinated by the a- and y-phosphates. 
Mg2 is coordinated by just the P-phosphate, whereas the 
activating metal ion in ternary cAPK is coordinated by 
the P- and y-phosphates. The coordination environment 
of Mgl is strikingly similar to that of the Mg 2 " 1 " ion in 
the structures of GTPases such as Ras (with MgGMP- 
PNP; Pai et aL, 1990) and transducin-oc (with MgGTPyS; 
Noel et aL, 1993), wherein the Mg 2 " 1 " ion is octahedrally 
coordinated by the P- and y-phosphates, two side-chain 
oxygens, and two water molecules, in the same spatial 
configuration as found in the ternary IRK3P structure. 

Peptide substrate binding 

The 18-residue peptide substrate that was co-crystallized 
with IRK3P and MgAMP-PNP was derived from a putative 
insulin receptor phosphorylation site on rat IRS-1, Tyr727 
(Sun et aL, 1991). This peptide, KKKLPATGDYMN- 
MSPVGD, has a reported K m of 24 \iM (Shoelson et aL, 
1992). Of the 18 residues, supporting electron density is 
seen for only six, from the P-2 to the P+3 residue 
[GDYMNM; P-residue is the acceptor tyrosine, Tyr(P)]. 
The residues C-terminal to Tyr(P) form a short p-strand 
which pairs in an anti-parallel manner with residues of 
pll at the end of the A-loop (Figures 2A and 6B). 
Backbone hydrogen-bonding is observed between 
Met(P+l) and Leull71, and between Met(P+3) and 
Glyll69. 

Tyrosine residues in YMXM motifs are efficient sub- 
strates of the insulin receptor in vitro and in vivo (Shoelson 
et aL, 1992; Sun et aL, 1993; Songyang et aL, 1995). In 
the ternary IRK3P structure, the methionine side chains 
of the peptide fit into two adjacent hydrophobic pockets 
on the surface of the C-terminal lobe, composed of residues 
from the P+l loop (1171-1176) and from aEF and ccG 
(Figure 6). The pocket for Met(P+l) comprises Vail 173, 
Leul219 and the aliphatic portions of the Asnl215 and 
Glul216 side chains. The pocket for Met(P+3) comprises 
Leu 1 1 7 1 , Val 1 1 73 , Met 1 1 76, Leu 1 1 8 1 and Leu 1 2 1 9. These 
pockets appear to be optimized for accommodating long 
hydrophobic side chains. 

The ternary IRK3P structure provides a basis for under- 
standing tyrosine kinase substrate specificity. In a study 
of substrate specificity using a degenerate peptide library, 
the cytoplasmic tyrosine kinase Fps was shown to have a 
strong preference for glutamic acid at the P+ 1 position 
of a peptide substrate (Songyang et aL, 1995). Of the four 
insulin receptor residues that form the binding pocket for 
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Fig. 6. Mode of peptide substrate binding. (A) Overall view of peptide substrate binding to IRK3P. The molecular surface of 1RK3P is colored 
according to electrostatic potential (calculated in the absence of MgAMP-PNP and peptide). Positive potential is shown in blue, negative potential in 
red and neutral potential in white. Carbon atoms are green, oxygen atoms are red, nitrogen atoms are blue, sulfur atoms are black and phosphorus 
atoms are yellow. The dotted line encompasses Lysl085, Argl089 and Argl092 of ctD. View is approximately the same as in Figure 4A. (B) Stereo 
view of the interactions between the peptide substrate and IRK3P. Oxygen atoms are red, nitrogen atoms are blue, carbon atoms of IRK3P/peptide 
are orange/green and sulfur atoms of IRK3P/peptide are green/black. The molecular surface is semi-transparent, and selected hydrogen bonds are 
shown as white lines. The red sphere represents a water molecule. Figure prepared with GRASP (Nicholls et aU 1991). 



Met(P+ 1), three are identical or similar in Fps, while the 
fourth, Leul219, is an arginine in Fps (Arg770). Modeling 
suggests that an arginine at the Leul219 position could 
make a hydrogen bond with a glutamic acid at the P+l 
position of a peptide substrate. In the receptor tyrosine 
kinase RET, the substitution Met918->Thr leads to 
multiple endocrine neoplasia type 2B (Hofstra et aL, 
1994), and is thought to alter the substrate specificity of 
RET (Songyang et aL, 1995; Pandit et aL, 1996). The 
corresponding methionine in the insulin receptor, Metl 1 76, 
is a constituent of the Met(P+3) binding pocket. 

Substrates of the insulin receptor and other tyrosine 
kinases often contain one or more acidic residues 
N-terminal to the acceptor tyrosine (Hunter, 1982; 
Stadtmauer and Rosen, 1983; Songyang et aL, 1995). The 
co-crystallized peptide contains an aspartic acid at the P- 
1 position. In the crystal structure, Asp(P-l) is not directly 
hydrogen-bonded to residues of the kinase, but instead 
makes a water-mediated hydrogen bond to Lysl085 
(Figure 6B). Two other positively charged residues, 
Argl089 and Argl092, extend from the same face of aD 
as Lysl085 towards the substrate binding region (Figure 
6 A). At the position corresponding to Argl089, a large 
majority of tyrosine kinases contain a hydrogen-bond 
donor which is often positively charged. This residue may 
play a role in the recognition of protein substrates with 
acidic residues at the P-3 or P-4 position. 



Active site 

The hydroxyl group of the substrate tyrosine, Tyr(P), is 
hydrogen-bonded to the carboxylate group of Asp 11 32 
(Ory'082 = 2.7 A), and thus appears to be in position 
for proton abstraction by Aspll32 (Figures 4B and 5). 
The hydroxyl group is also hydrogen-bonded to tyrosine 
kinase-conserved Argll36 in the catalytic loop 
(On, Ne = 3.1 A). The phenolic ring of Tyr(P) is oriented 
in part by van der Waals interactions with tyrosine kinase- 
conserved Pro 1172 (P+l loop), positioned 3.6 A from 
the ring (Figures 4B and 6B). 

Based on the autoinhibited IRK structure, a difference 
in the conformation of the P+l loop near Pro 11 72 
appeared to be a major determinant in conferring specificity 
for tyrosine versus serine/threonine (Hubbard et aL, 1994; 
Taylor et aL, 1995). This is confirmed by the ternary 
IRK3P structure, in which backbone hydrogen-bonding 
between the peptide substrate and the P+l loop of the 
kinase governs the distance between the peptide backbone 
and the kinase active site (Figure 6B); the side chain of 
tyrosine but not of serine/threonine is long enough to 
reach the active site. 

In the ternary IRK3P structure, the y-phosphorus atom 
of AMP-PNP is 5.0 A from the hydroxyl oxygen of Tyr(P) 
(Figure 5), and is therefore not in position for direct in- 
line (associative) phosphotransfer, the catalytic mechanism 
proposed for cAPK (Madhusudan et aL, 1994). The use 
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of AMP-PNP in co-crystallizations (to preclude substrate 
phosphorylation) could introduce a deviation in y-phos- 
phate positioning, although no significant differences in 
nucleotide binding are seen in the structures of cAPK 
with ATP (Zheng et aL, 1993) or with AMP-PNP 
(Bossemeyer et aL, 1993). The present structure is the 
first to be reported of a complex between a protein 
kinase, a peptide substrate, and a y-phosphate-containing 
nucleotide. Trapping the enzyme with both the non- 
transferable y-phosphate and acceptor hydroxy! in position 
for associative phosphotransfer may be inherently difficult. 
Alternatively, in view of the difference in the pA^a values 
of tyrosine (-10) and serine/threonine (-13), and the 
presence in the catalytic loop of an arginine (tyrosine 
kinases) rather than a lysine (serine/threonine kinases), the 
structure may suggest a dissociative or mixed associative- 
dissociative phosphotransfer mechanism (Bramson et aL, 
1 984) for tyrosine kinases. 

Functional implications 

The crystal structures of IRK and IRK3P afford an 
understanding at the molecular level of insulin receptor 
activation via autophosphorylation. The IRK structure, 
together with mutagenesis data showing that substitution 
of Tyrl 162 with phenylalanine increases basal level kinase 
activity (Ellis et aL, 1986), suggests that residues of the 
unphosphorylated A-loop compete with ATP and protein 
substrates for binding at the kinase active site. Upon 
insulin-triggered frans-autophosphorylation of the tyrosine 
residues within the A-loop, this peptide segment adopts a 
markedly different conformation which is stabilized by 
both pTyr and non-pTyr interactions. For the insulin 
receptor and presumably other receptor tyrosine kinases, 
stimulation of kinase activity by autophosphorylation is 
evidently a consequence of stabilization of an A-loop 
conformation that (i) allows unhindered access to ATP 
and protein substrates, and (ii) facilitates the correct 
positioning of the residues critical for MgATP binding 
and catalysis. 

The bridging interactions of pTyrl 163 with other A-loop 
residues and its similar spatial position to pThrl97 in 
cAPK imply that pTyrl 1 63 is the key pTyr in stabilizing the 
conformation of the tris-phosphorylated A-loop. Although 
studies of Tyr-»Phe substitutions in the insulin receptor 
A-loop have not demonstrated a predominant role in 
kinase activation for a particular tyrosine (Tavare and 
Siddle, 1993), the tyrosine corresponding to Tyrl 163 has 
been shown to be the critical autophosphorylation site in 
the FGF receptor (Mohammadi et aL, 1996a) and in MET 
(Longati et aL, 1994). 

Autophosphorylation mapping experiments have indi- 
cated that Tyrl 163 is the last of the three A-loop sites to 
be phosphorylated (Dickens and Tavare, 1992; Wei et aL, 
1 995). This result, together with the mutagenesis data and 
the structural results presented here, is consistent with a 
graded activation mechanism in which each autophos- 
phorylation event in the A-loop leads to partial stabilization 
of the active configuration of the A-loop, with full activa- 
tion achieved only upon autophosphorylation of pTyrl 163. 
Conceivably, in partially activated (mono- and bis-phos- 
phorylated) states, pTyrl!58 and pTyrll62 are engaged 
in a different set of interactions than those observed in the 
IRK3P structure. For example, pTyrl!62 may substitute 



structurally for pTyrll63 in the bis-phosphorylated state, 
though presumably less effectively. 

The lack of engagement of pTyr!158 with other kinase 
residues and the solvent accessibility of the pTyrll62/ 
Argll64 pair suggests that these pTyr residues could 
potentially serve as docking sites for downstream signaling 
proteins. Several recent studies have provided evidence 
that one or more of the A-loop pTyr residues are involved in 
protein-protein interactions. Yeast two-hybrid experiments 
have identified an interaction between a region in IRS-2 
and the cytoplasmic domain of the insulin receptor, which 
is dependent on tyrosine phosphorylation in the A-loop 
but not in the juxtamembrane region or C-terminal tail 
(He etaL, 1996; Sawka-Verhelle etaL, 1996). Other yeast 
two-hybrid experiments together with in vitro binding 
studies have provided evidence for interactions between 
the cytoplasmic domain and the Src-homology 2 (SH2) 
domains of GRB10/IR-SV1 (O'Neill etaL, 1996; Frantz 
et aL, 1997) and SHP-2 (Kharitonenkov et aL, 1995), 
which are dependent on phosphorylation of one or more 
of the A-loop tyrosine residues. The IRK3P structure 
provides evidence, albeit circumstantial, that one or more 
pTyr residues of the insulin receptor A-loop may serve as 
targets for downstream signaling molecules. 

Materials and methods 

Expression, purification and crystallization of IRK3P 

A recombinant baculovirus was engineered to encode residues 978-1283 
of the human insulin receptor with the inclusion of two amino acid 
substitutions: Cys981-»Ala and iyr984-»Phe (Wei et al. y 1995). Expres- 
sion and purification of IRK have been described previously (Hubbard 
et al. y 1994). Typically, IRK3P was produced by adding ATP and MgCl 2 
(10 mM and 25 mM final, respectively) to IRK (~1 mg/ml final) at 4°C. 
After 20-30 min, the autophosphorylation reaction was terminated by 
the addition of EDTA (50 mM final). The reaction mixture was passed 
over a Superdex 75 (Pharmacia) gel filtration column to remove 
nucleotides, Mg 2 " 1 " and EDTA. The mainly tris-phosphorylated kinase 
species was separated from the bis-phosphorylated species by Mono Q 
(Pharmacia) ion exchange chromatography. Purified IRK3P was concen- 
trated to 10-15 mg/ml using a Centricon-10 (Amicon) in 20 mM Tris- 
HC1, pH 7.5, 200 mM NaCl and 200 uM Na 3 V0 4 . Solid-phase synthesis 
of the 18-residue peptide substrate was performed on an Applied 
Biosystems model 741 A synthesizer using Fmoc chemistry, and AMP- 
PNP was purchased from Boehringer-Mannheim. 

Crystals were grown at 4°C by vapor diffusion in hanging drops 
containing 2.0 ul of protein solution (10 mg/ml IRK3P, 2 mM AMP- 
PNP, 6 mM MgCl 2 and 0.5 mM peptide substrate) and 2.0 ul of reservoir 
solution [22% polyethylene glycol (PEG) 8000, 100 mM Tris-HCl, 
pH 7.5, and 2% ethylene glycol]. The crystals belong to trigonal space 
group P3 2 21 and have unit cell dimensions of a = b = 66.5 A, c = 
139.1 A when frozen. There is one molecule in the asymmetric unit and 
the solvent content is 50% (assuming a partial specific volume of 
0.74 cm 3 /g). 

Data collection, structure determination and analysis 

One cryo-cooled crystal was used for data collection. The crystal was 
transferred into a cryo-protectant containing 25% PEG 8000, 1 mM 
AMP-PNP, 3 mM MgCl 2 , 0.25 mM peptide substrate, 100 mM Tris- 
HCl, pH 7.5 and 15% ethylene glycol. After -1 min in the cryo- 
protectant, the crystal was flash-cooled in liquid nitrogen and then 
transferred to the goniostat, which was bathed in a dry nitrogen stream 
at -160°C. Data were collected at beamline X4A at the National 
Synchrotron Light Source, Brookhaven National Laboratory, on Fuji 
image plates and digitized with a Fuji scanner. Al! data were processed 
using DENZO and SCALEPACK (Otwinowski, 1993). 

A molecular replacement solution was found with a search molecule 
consisting of IRK residues 981-1283, excluding 1149-1170 (A-loop), 
for which the N-terminal lobe (residues 981-1081) was rotated and 
translated as a rigid body so that the relative orientation of the N- and 
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C -terminal lobes was similar to that in closed-form cAPK (Zheng et al, 
1993). An initial 3.0 A data set collected on a Rigaku R-AXIS IIC 
image plate detector was used for molecular replacement (data not 
shown). With AMoRe (Navaza, 1994), using 80% of the structure factor 
amplitudes between 15.0 and 3.5 A, the correlation coefficient for the 
correct solution in space group P3 2 21 was 0.46 versus 0.34 for the 
highest incorrect solution in the enantiomeric space group P3i21. The 
AMoRe solution was refined in X-PLOR (BrUnger, 1992), first as one 
rigid-body unit, then as two units each comprising a lobe of the kinase 
(981-1081, 1082-1283), resulting in a relative rotation of the two lobes 
of ~13° and an increase of the correlation coefficient from 0.33 to 
0.41 (10.0-3.4 A, F>2a). Simulated annealing and conjugate-gradient 
minimization were performed using X-PLOR, and model building was 
performed using TOM/FRODO (Jones, 1985). 

The average atomic B-factors are 18.5 A 2 for protein, 15.8 A 2 for 
MgAMP-PNP, 21.9 A 2 for peptide and 25.3 A 2 for water molecules. 
Due to poor supporting electron density, residues 978-980 are not 
included in the atomic model, nor are the side chains indicated in Figure 3. 
Atomic superpositions were performed with TOSS (Hendrickson, 1979). 
Per residue solvent accessible surface calculations were done with 
X-PLOR with a probe radius of 1.4 A. As defined in PROCHECK 
(Laskowski et al, 1993), the backbone torsion angles of the protein 
lie either in most favored regions (93%) or in additional allowed 
regions (7%). 
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Three peptides were synthesized corresponding to 
potential autophosphorylation sites of the 0 subunit of 
the human insulin receptor. These were peptide 1150 
corresponding to amino acids 1142-1153 of the pro- 
receptor, peptide 960 corresponding to amino acids 
952-961 of the proreceptor, and peptide 1316 corre- 
sponding to amino acids 1313-1329 of the prorecep- 
tor. Peptide 1150 served as a better substrate for the 
insulin receptor tyrosine protein kinase than either of 
the other peptides or than the Src peptide (correspond- 
ing to the sequence surrounding the autophosphoryla- 
tion site at Tyr-416). Microsequencing of the phospho- 
rylated peptide 1150 indicated that Tyr-1150 rather 
than Tyr- 1 146 or Tyr- 1151 was phosphorylated in the 
in vitro reaction. The insulin receptor was then iso- 
lated from 32 P- labeled IM-9 cells that had been exposed 
to insulin. Tryptic digestion of the P subunit revealed 
one peptide whose phosphorylation was dependent 
upon insulin and occurred exclusively on Tyr. This 
peptide was selectively immunoprecipitated by an an- 
tipeptide antibody directed to the Tyr- 1 1 50-contain- 
ing sequence. We conclude that Tyr-1150 is preferen- 
tially phosphorylated by the purified receptor kinase 
and that one of the autophosphorylation reactions elic- 
ited by insulin in intact cells occurs in a sequence that 
contains this residue. 



The & subunit of the insulin receptor, like other protein 
kinases, is a substrate for intramolecular autophosphorylation 
(1, 2). Phosphorylation of the receptor on tyrosine residues 
in vitro activates the protein kinase of the receptor rendering 
it insulin-independent (3-6). The receptor isolated from in- 
tact cells treated with insulin also appears to be activated 
when subsequently assayed in vitro on exogenous substrates 
(7). Unlike the situation with some of the well studied protein 
kinases, such as the cAMP-dependent protein kinase, a pre- 
ferred amino acid sequence near the modified Tyr has not 
been well defined for the protein tyrosine kinases. This may 
be because physiologically relevant substrates for these ki- 
nases have yet to be discovered or that protein conformation 
is an important factor in determining substrate specificity. 
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Studies of model substrates suggest that acidic amino acids 
in the immediate vicinity of the modifiable Tyr promote the 
phosphotransferase reaction (8). Since autophosphorylation 
sites may reflect the substrate sequences recognized by protein 
kinases, we synthesized the three peptides corresponding to 
sequences containing tyrosine residues adjacent to acidic 
amino acids within the cytoplasmic domain of the 0 subunit. 
The amino acid sequences were deduced from the DNA se- 
quence of the proreceptor cDNA (9). When these peptides 
were tested as substrates in vitro, the peptide containing a 
tyrosine residue that is conserved in growth factor receptor 
and oncogene tyrosine kinases, Tyr-1150 of the insulin pro- 
receptor, was preferentially phosphorylated. Using an anti- 
peptide antibody elicited to this sequence, we found that one 
of the autophosphorylation sites in intact cells is also located 
within this sequence. 

MATERIALS AND METHODS 

The monoclonal antibody to the human insulin receptor is de- 
scribed in Ref. 10. Porcine insulin was from Lilly and agarose-bound 
wheat germ agglutinin agarose, from Vector Laboratories (Burlin- 
game, CA). Protein A-agarose and Protein A-Sepharose were obtained 
from Sigma. TPCK'-treated trypsin (241 units/mg) was from Cooper, 
aprotinin and soybean trypsin inhibitor were from Boehringer Mann- 
heim, [^Plorthophosphate and Na 128 I were from Amersham, and I*y- 
"PJATP (3000 Ci/mmol) was from New England Nuclear. Cellulose 
thin layer plates were purchased from Anaitech. HPLC grade aceto- 
nitrile, methylene chloride, and dhnethylformamide were from Bur- 
dick & Jackson Laboratories and trifluoroacetic acid and phenyliso- 
thiocyanate were from Pierce. The Src peptide was from Peninsula 
Laboratories. 

Preparation of Insulin Receptor Tyrosine Kinase— Human placen- 
tal insulin receptor was purified as described in Ref. 11. The wheat 
germ agglutinin eluate containing 1 fig of protein/jtl and 4-5 fmol of 
insulin binding activity/Ml (measured at 0.3 nM insulin) was immu- 
nopurified by adsorption to a monoclonal anti-receptor antibody- 
Protein A-agarose complex. Insulin receptor monoclonal CU-25 (10) 
was cross-linked to Protein A-agarose by the procedure described in 
Ref. 12. The slurry (5 jtg of IgG in 30 n\) bound 100 fmol of insulin. 
The antibody-antigen complex was washed five times with 50 mM 
Hepes buffer, pH 7.5, 0.15 M NaCl, and 0.1% Triton X-100 and used 
directly in the protein kinase assays. 

Phosphorylation of Peptides with the Insulin-dependent Protein 
Kinase— Protein kinase assays were performed with the affinity- 
purified receptor bound to the monoclonal antibody-agarose column; 
40-60 fmol of insulin binding activity, (approximately 240 ng of 
receptor protein) were used per assay. The reaction mixture (40 pi) 
contained 20 mM Hepes buffer, pH 7.4, 0.1% Triton X-100, 10% (v/ 



1 The abbreviations used are: TPCK, L-l-tosylamido-2-phenylethyl 
chloromethyl ketone; HPLC, high performance liquid chromatogra- 
phy; SDS, sodium dodecyl sulfate; Hepes, 4-(2-hydroxyethyl)-l-pi- 
peiazineethanesulfonic acid; PTH, phenylthiohydantoin; TFA, tri- 
fluoroacetic acid; the term "in vitro n is used for reactions catalyzed 
by the purified receptor kinase. 
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v) glycerol, 150 mM NaCl, 10 mM MgCl 2 » 2 mM MnCl 2 , 20 mm sodium 
vanadate, and 100 nM ATP (5-7 cpm/fmol). Where indicated, insulin 
was added to a final concentration of 0.1 mM. Insulin was preincubated 
with the receptor at 23 *C for 10 min prior to the addition of substrate 
and [-r^PJATP. After 10 min at 23 *C f the reaction was terminated 
by the addition of 20 »\ of 10% trichloroacetic acid, and the phospho- 
cellulose paper assay was performed as described in Ref. 13. 

Synthesis and Purification of Peptides— Three peptides were syn- 
thesized corresponding to possible autophosphorylation sites of the 
insulin receptor. "Peptide 960," N-Leu-Phe-Ala-Ser-Ser-Asn-Pro- 
Glu-Tyr-Leu-Ser-Ala-Arg-Arg-C corresponds to amino acids 952-961 
of the insulin proreceptor sequence (9), except that the Tyr at position 
953 was changed to Phe and two Args were added at the C terminus 
to facilitate assays of the phosphopeptide. "Peptide 1150," N-Thr- 
Arg-Asp-Ile-TyT-Glu-Thr-Asp-Tyr-Tj^r-Arg-Lys-C corresponds to 
amino acids 1142-1153, and "Peptide 1316," N-Lys-Arg-Ser-Tyr-Glu- 
Glu-His-Ile-Pro-Tyr-Thr-His-Met-Asn-Gly-Gly-Lys-C corresponds 
to amino acids 1313-1329 of the proreceptor. These peptides were 
synthesized according to the solid phase method of Merrifield (14) 
using a Biosearch synthesizer. The extent of amino acid substitution 
on the resin was 0.3 mmol/g. Fully protected peptides were synthe- 
sized from the resin, cleaved from their support by HF, extracted 
with ethyl acetate, 1% acetic acid (1:1, v/v), and punned to homoge- 
neity by HPLC using a reverse phase ODS-C18 column (Altex 5 ftm 
150 x 4.6 mm inside diameter) and a linear gradient of 0.05% TFA/ 
acetonitrile (0-100%). The flow rate was 1.5 ml/min and the peptides 
eluted between 60% and 80% acetonitrile. The sequence of each 
peptide was confirmed by amino acid analysis and by sequencing on 
an Applied Biosystems gas phase sequenator. 

Two-dimensional Tryptic Maps and Identification of the Tyr-1150- 
containing Peptide — ^-labeled IM-9 cells (a cultured line of human 
lymphoblasts) (7) were treated with or without insulin (0.1 fiM) for 5 
min. The S2 P-labeled 0 summit of the receptor was identified by 
radioautography following immunoprecipitation and SDS-polyacryl- 
amide gel electrophoresis (7). The 95-kDa phosphoprotein was excised 
from the SDS-polyacrylamide gel, washed for 8 h with 10% methanol, 
cut into 1-mm squares, dried, and then incubated with shaking for 24 
h with 1 ml of 50 mM NrUJCOs buffer, pH 8.3, and 100 /xg of TPCK- 
treated trypsin. This solution was removed and the gel pieces were 
incubated again for 4 h with 0.5 ml of 50 mM NHJiCOa buffer and 
50 /xg of trypsin. The two supernatant fluids were combined (recovery 
of 32 P was approximately 80%), dried, washed once with 1 ml of H a O, 



and dried again. The pellet was dissolved in 10 /d of H 2 0 and spotted 
on a cellulose thin layer plate (15). Electrophoresis was performed on 
a flat bed apparatus in formic acid:acetic acid:H 2 0 (15:15:80) for 35 
min at 1000 V. The plates were then dried overnight in a vacuum 
oven and chromatography was performed in l-butanol:pyridine:acetic 
acid:water (34.5:25:5:18). 

Antipeptide Antibodies and Immunoprecipitation— Immunoprecip- 
itation with Ab2 (elicited to the amino acid sequence 1142-1162 of 
the insulin proreceptor) and Ab 4 (elicited to the amino acid sequence 
952-967) were performed as in Ref. 16. The procedures used to 
synthesize the peptides and elicit the antibodies are detailed in Refs. 
16 and 17. Each antibody reacted only with the peptide to which it 
was elicited and was able to immunoprecipitate the phosphorylated, 
as well as the nonphosphorylated, antigen. 

Preparation of ^P-Labeled Peptide 1150 for Amino Acid Sequenc- 
ing — The peptide sequence was obtained with an Applied Biosystems 
gas phase sequenator. The 1150 peptide was phosphorylated by the 
receptor kinase as described above and the reaction was stopped by 
the addition of trichloroacetic acid to a final concentration of 5% and 
centrifuged at 10,000 x g for 5 min. The supernatant fluid was 
collected and 1 ml of 0.05% TFA was added. The solution was applied 
to a Sep-Pak column (Waters Associates), washed with 10 ml of 
0.05% TFA, 5 ml of 10% acetonitrile in 0.05% TFA, and eluted in 2 
ml of 50% acetonitrile in 0.05% TFA. The phosphopeptide was 
purified on an HPLC C18 column with a gradient of 0.05% TFA/0- 
50% acetonitrile over 25 min at a flow rate of 1 ml/min. The quantity 
of amino acid recovered in the 1st step of the Edman degradation 
was 75% and the repetitive yield was 95%. 

RESULTS 

Phosphorylation of the 1150 Peptide in Vitro— The time 
course for phosphorylation of the 1150 peptide is depicted in 
Fig. 1A. Maximal phosphorylation (500 pmol) was obtained 
at 30 min using 200 ftM peptide. Fig. IB depicts phosphoryl- 
ation at different concentrations of peptide. The reaction time 
was 10 min, which is within the linear range of peptide 
phosphorylation under these conditions. Fig. 2 presents Line- 
weaver-Burk plots of the in vitro phosphorylation of the 
receptor peptides and the Src peptide. The K m and V,^ values 
calculated from these data are summarized in Table I. The 



Fig. 1. Phosphorylation of pep- 
tide 1150 in vitro. Each reaction mix- 
ture contained 40 fmol of insulin-binding 
activity. In Panel A t the concentration 
of the 1150 peptide was 200 pM. Reac- 
tions were initiated by the addition of 
tY-^PJATP (5 cpm/fmol, 100 m m) and 
incubations were at 23 °C. In Panel B y 
incubations were for 10 min. The data 
are from a typical experiment. All assays 
were performed in duplicate. Duplicates 
differed from each other by less than 5%. 
The variation between experiments was 
less than 10%. plus insulin; O, minus 
insulin. 
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Fig. 2. Reciprocal plots of the 
phosphorylation of insulin receptor 
peptides and the src peptide in vitro. 
Assays were performed as described in 
the legend to Fig. 1, except that 60 fmol 
of insulin-binding activity were added to 
each assay and the specific activity of 
the [-r^lATP was 7 cpm/fmol. The 
peptide concentration ranged from 0.05 
mM to 2 mM. Assays were for 10 min. 
Data from two independent experiments 
were fitted by least squares analyses. 
The K m and estimates from three 
independent experiments were within 
10% of the reported values. The sub- 
strates used were: Panel A, Peptide 1150; 
Panel B, Peptide 960; Panel C, Peptide 
1316; and Panel D f Src (see "Materials 
and Methods" and Table 1 for peptide 
sequences). 




Table I 

Summary of peptide phosphorylation in vitro 
The data from which these values were calculated are presented in 
Fig. 2. 
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45 


7.1 


0.24 
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25 


5.5 


1.20 


1.33 


1316 KRSYEEHIPYTHMNGGK 


33 


5.0 


1.13 


1.03 


Src RRLIEDAEYARG 


18 


6.2 


0.96 
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best of the substrates is the 1160 peptide; the K m is 4-5 times 
lower for this peptide than it is for the other three receptor 
peptides and the homologous Src peptide and the is 
higher. 

Since there are 3 Tyr residues in the 1150 peptide, it was 
necessary to determine which one(s) was phosphorylated in 
vitro. This was addressed by amino acid sequencing. Table II 
summarizes the results of one analysis with 400 pmol of 
phosphopeptide. There were 1.1 pmol of 32 P incorporated per 
pmol of the HPLC-purified phosphopeptide. Two additional 
independent analyses gave similar results. Each PTH-deriv- 
ative was recovered in the expected yield (150-300 pmol), 
except for PTH-Tyr in cycle 9. Of the 180 pmol of PTH-Tyr 
predicted for cycle 9, only 35 were recovered. Cycles 5 and 10 
contained the predicted amount of PTH-Tyr. Since PTH- 
pTyr does not co-purify with PTH-Tyr, we conclude that the 
Tyr in the ninth cycle (Tyr- 1150) is the only residue signifi- 
cantly modified by phosphorylation. In the unphosphorylated 
peptide, the PTH-Tyr in cycle 9 is recovered in theoretical 
yield (not shown). The radioactivity derived from the phos- 
phopeptide began to appear in cycle 9 and was present in each 
cycle thereafter (see legend to Table II). When analyzed for 
[ 32 P]PTH-pTYi\ 70% of the radioactivity in cycle 9 was pres- 
ent in the PTH-derivative. The proportion of radioactivity 
present in the derivative decreased progressively with each 
ensuing cycle. Since cycles 5 and 10 contained full comple- 
ments of PTH-Tyr and all of the 32 P in the original phospho- 
peptide was on tyrosine, the radioactivity in cycles 9 through 



Table II 

Amino acid sequence of peptide 1160 following phosphorylation in 
vitro 

The 1150 peptide was phosphorylated with 200 ftnol of insulin- 
binding activity in an assay containing 200 $M peptide, 20 mM Hepes 
buffer, pH 7.4, 0.1% Triton X-100, 10% glycerol, 0.15 M NaCl, 10 mM 
MgCt 2 , 2 mM MnCl 2 , 20 $lU sodium vanadate, and 0.1 pM insulin, [y- 
"PJATP (500 cpm/pmol, 100 *tM) was added and the assay was 
performed for 20 min at 23 *C. The reaction was stopped by the 
addition of trichloracetic acid to a final concentration of 5% and the 
phosphopeptide was purified by HPLC on an ODS CIS column using 
a gradient of 0.05% TFA/0-50% acetonitrile at a flow rate of 1 ml/ 
min (see "Materials and Methods' 1 ). The phosphopeptide, detected 
by absorbance at 230 nm, eluted as a single peak coincident with 
radioactivity at 22.6-23.0 min. The phosphopeptide (400 pmol) was 
sequenced and each cycle was assayed for PTH-amino acid deriva- 
tives, total radioactivity, and (^PJPTH-pTyr. Fractions which con- 
tained radioactivity were analyzed by flat bed thin layer electropho- 
resis (800 V) in pyridine:acetic acid:H 2 0 (1:10:189) at pH 3.5. The 
PTH-derivative of phosphotyrosine was identified by comparison 
with the PTH-derivative prepared from [^Jphosphotyrosine (19) 
and was identified by staining with iodine and autoradiography. The 
radioactivity present in each cycle was as follows: 0, 0, 0, 16, 46, 204, 
116, 100, 1506, 3124, 2511, and 1545 cpm per cycle for cycles 1-12, 
respectively (determined by Cerenkov counting). The percentage of 
the total radioactivity identified as [^PlPTH-pTyr was 73, 52, 33, 
and 30% for cycles 9-12, respectively. 

Cycle 1 2 3 4 5 6 7 8 9 10 11 12 
Aminoacid TRDIYETDYYRK 
PTH-Tyr (pmol) 222 35 175 



12 must have come predominantly from modification of resi- 
due 9. The radioactivity in cycles 10, 11, and 12 is attributed 
to adsorption of [ 32 P]PTH-pTyr and other **P by-products of 
the sequencing reactions to the filter with subsequent gradual 
(and incomplete) elution. 

Phosphorylation of the ft Subunit in Intact Cells—Since the 
1150 peptide appeared to be the best of the substrates tested 
for insulin-dependent phosphorylation in vitro, it was of in- 
terest to determine whether this region of the 0 subunit was 
also autophosphorylated in intact cells. Two-dimensional 
tryptic maps of the subunit were prepared from 32 P-labeled 
IM-9 cells that had been treated in the absence or presence 
of insulin. As shown in Fig. 3, there are 3 phosphopeptides 
visible in the map derived from control cells (Panel A). The 
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Fig, 3. Insulin-dependent phosphorylation of the & subunit sequence containing Tyr-1150 in intact 

cells. 32 P -labeled IM-9 cells were treated with or without insulin and the £ subunit of the isolated receptor was 
resolved by SDS/polyacryiamide gel electrophoresis, excised from the gel, and trypsinized. Thin layer electropho- 
resis and chromatography were performed as described under "Materials and Methods** and the plates were 
analyzed for * 2 P-phosphopeptides by autoradiography. Panel A, control cells. Panel B, insulin-treated cells. Panel 
C, the insulin-elicited phosphopeptide circled in Panel B was eluted from the plate with 1 ml of 50% acetonitrile 
in 0.05% TFA and phosphoammo acid analysis was performed as in Ref. 7. The peptide was hydrolyzed for 50 min 
in 6 N HC1 at 100 °C. Analysis was by one-dimensional thin layer electrophoresis on a cellulose plate (Analtech) 
in pyridine:acetic acid:H 2 0 (1:10:189) at 800 V for 75 min. Panel D f the insulin-specific 32 P-phosphopeptide outlined 
in Panel B was eluted from duplicate plates and dissolved in 500 *ii of 50 mM NH 4 HC0 3 buffer, pH 7.4. Five 
microliters of either antibody 2 (elicited to the peptide containing Tyr-1150) or antibody 4 (elicited to the peptide 
containing Tyr-960) were added in the presence of protease inhibitors (1 mM phenylmethylsulfonyl fluoride, 10 
pg/mi aprotimn, 20 /ig/ml leupeptin, 10 ng/m\ soybean trypsin inhibitor, and 20 /xM sodium vanadate for 24 h at 
4*G. Protein A-Sepharose (100 jtl) was then added for 3 h. The immunoprecipitate was sedimented^ washed three 
times with 50 mM NH<HCO a buffer, pH 7.5, 6.1% Triton X-100, 0.15 M NaCl, eluted with 50% acetonitrile in 
6.05% TFA, dried, and subjected to the two-dimensional peptide analysis. No radioactivity was immunoprecipitated 
by Ab 4 (not shown). Panels E and F, the £ subunit isolated from insulin t treated ^P-labeled IM9 cells was 
trypsinized with 100 ng of TPCK-treated trypsin as discussed under "Materials and Methods," Soybean trypsin 
inhibitor (100 fig) was then added and the mixture of peptides was incubated in 500 ^1 of 50 mM NH 4 HC0 3 buffer, 
pH 7.5, with 5 >d of either antibody 2 (Panel E), antibody 4, or antibody 2 plus 1 nmol of peptide 1150 (Panel F). 
Immunoprecipitation was performed as described above. The peptide was eluted from the antibody complex with 
50% acetonitrile and 0.05% TFA (1 ml), dried, washed with 1 ml of H 2 0, dried again, and subjected to the two- 
dimensional analysis. There was no radioactivity immunoprecipitated by antibody 4 (not shown). Panel G t following 
phosphorylation of peptide 1150 in uitro (as in Fig. 1) the ^-labeled peptide was purified by HPLC and treated 
with 100 jig of trypsin for 8 h. The proteolytic products were then subjected to the two-dimensional peptide 
analysis. The radioactive peptides shown in Panels D, E, and G had the same relative migration in both dimensions 
as the peptide encircled in B and co-migrated with it when mixed (not shown). 
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tryptic map derived from insulin-treated cells showed an 
increase in the phosphorylation of these peptides and phos- 
phorylation of several new peptides (Panel B). One of the 
principal new phosphopeptides (encircled in Panel B) was 
isolated following the two-dimensional analysis. Phosphoa- 
mino acid analysis revealed that it contained only [ 32 P]phos- 
photyrosine (Panel C). Attempts were then made to identify 
this peptide immunologically. The isolated 32 P-labeled peptide 
was immunoprecipitable by antibody 2 elicited to the prore- 
ceptor sequence 1142-1162 (Panel D), but not by antibody 4 
elicited to proreceptor sequence 952-967 (not shown). Finally, 
treatment of the entire tryptic digest derived from the 38 P- 
labeled 0 subunit of insulin-treated cells with antibody 2 led 
to immunoprecipitation of the same tryptic peptide shown in 
Panel D (Panel E). Immunoprecipitation was abolished by 
the addition of an excess of unlabeled peptide 1150 (Panel F). 
In vitro phosphorylation of peptide 1150 followed by digestion 
with trypsin led to the formation of two new tryptic 32 P- 
peptides (the peptide on the left in Panel G is undigested 32 P- 
peptide). One of these peptides co-migrated with the peptide 
isolated from 32 P-labeled cells (Panel G). An equally potent 
antipeptide antibody, directed to the sequence including Tyr- 
960, immunoprecipitated neither the isolated 32 P-labeled tryp- 
tic peptide nor any of the other 3a P-labeled peptides present 
in the trypsin hydrolysate. We conclude from this series of 
experiments that one of the sites of autophosphorylation of 
the insulin receptor in intact cells occurs on either Tyr-1146 t 
Tyr-1150, or Tyr-1151 since the predicted tryptic peptide 
would include all three of these tyrosines. Although these 
experiments do not establish which of these tyrosines is 
phosphorylated, the experiments with the 1150 peptide in 
vitro suggest that it might be Tyr-1150. 

DISCUSSION 

Studies employing peptides of the cytoplasmic domain of 
the 0 subunit of the insulin receptor that contain tyrosine 
residues adjacent to acidic amino acid residues as substrates 
for the insulin-dependent receptor kinase indicate that the 
peptide containing the conserved Tyr-1150 is better than the 
other peptides tested, including the peptide that contains the 
homologous Tyr (Tyr-416) in pp60 src. Perhaps an aromatic 
amino acid adjacent to the Tyr residue that is phosphorylated, 
a sequence found only in the human insulin receptor, the 
Drosophila insulin receptor (17), and the oncogene ros kinase 
(18) is a significant determinant of substrate specificity for 
the insulin receptor- ros family of tyrosine protein kinases. 
Sequence analysis of the 1150 peptide phosphorylated in vitro 
indicates that of the three tyrosines recovered in the peptide, 
only Tyr-1150 is markedly reduced Since the 32 P-labeled 
phosphotyrosine derivatives adsorb to the filter during se- 
quencing, determination of the amount of radioactivity re- 
covered in each cycle could not be used to discriminate be- 
tween phosphorylation of adjacent residues. Our conclusion 
that only Tyr-1150 is modified is based upon three independ- 
ent analyses of the phosphopeptide in which we failed to 
recover Tyr-1150, but did recover Tyr- 1146 and Tyr-1151 in 
theoretical yields. Our results with the synthetic peptides are 
compatible with studies employing the epidermal growth fac- 
tor receptor tyrosine kinase to phosphorylate synthetic pep- 
tides corresponding to those surrounding the in vitro phos- 
phorylation site of the epidermal growth factor receptor. 
Downward et al (20, 21) found peptide Pi, a major site for 
autophosphorylation of the epidermal growth factor receptor 
in vivo and in vitro to be the best in vitro receptor peptide 
substrate. It may turn out that, as in the case of the cAMP- 
dependent protein kinase, the autophosphorylation sites used 
by the tyrosine protein kinases will provide clues to an un- 



derstanding of their substrate specificity. 

Since examination of the peptide substrates in vitro sug- 
gested preference for the 1150 peptide and Tyr-1150 in par- 
ticular, we used an antipeptide antibody directed to this 
sequence to determine if this region of the 0 subunit contained 
a tyrosine that was autophosphorylated when intact cells were 
exposed to insulin. The complex pattern depicted in Fig. W 
is consistent with reports that insulin promotes the phospho- 
rylation of more than 1 serine and tyrosine residue in intact 
cells (22, 23). One of the sites that contains only phosphoty- 
rosine, and may therefore be attributable to autophospho- 
rylation, was selectively and specifically immunoprecipitated 
by antibody to the sequence containing Tyr-1150. Our results 
indicate that the amino acid sequence surrounding Tyr-1150 
is a good substrate for phosphorylation catalyzed by the 
insulin receptor in vitro and is one of the pTyr-containing 
receptor peptides that results from exposure of intact cells to 
insulin. It remains to be determined whether the same Tyr 
residue that is phosphorylated in the synthetic peptide in vitro 
is phosphorylated in cells and whether Tyr residues other 
than those present in the 1150 peptide are also autophos- 
phorylated in intact cells. In preliminary experiments, we 
have isolated two fragments of the 0 subunit that contain Tyr 
residues that become autophosphorylated in vitro* 2 One of 
these fragments contains Tyr-1150 and the other contains the 
C-terminal Tyr- 131 6. Thus, the sequence in the vicinity of 
Tyr-1150 appears to be a substrate for autophosphorylation 
in intact cells and in vitro. Although an antipeptide antibody 
directed to a receptor sequence that includes Tyr-960 inhibits 
receptor kinase activity (16), there is no evidence, as yet, that 
it is an autophosphorylation site. 

Acknowledgment— We are indebted to Dr. Ruth Angelletti, Uni- 
versity of Pennsylvania, for the amino acid sequencing and helpful 
discussions. 
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The focal adhesion kinase pl25 Fak is a widely ex- 
pressed cytosolic tyrosine kinase, which is involved in 
integrin signaling and in signal transduction of a num- 
ber of growth factors. In contrast to tyrosine kinase 
receptors such as the platelet-derived growth factor and 
the hepatocyte growth factor receptors, which induce 
pl25 Fak phosphorylation, insulin has been shown to pro- 
mote its dephosphorylation. In this study, we compared 
pl25 Fak phosphorylation in insulin-stimulated cells 
maintained in suspension or in an adhesion state. We 
found that, in nonattached cells, insulin promotes 
pl25 Fak phosphorylation, whereas dephosphorylation 
occurred in attached cells. This was observed in Rat-1 
fibroblasts overexpressing the insulin receptor, as well 
as in Hep G2 hepatocytes and in 3T3-L1 adipocytes ex- 
pressing more natural levels of insulin receptors. Insu- 
lin-induced pl25 Fak phosphorylation correlated with an 
increase in paxillin phosphorylation, indicating that 
pl25 Fak kinase activity may be stimulated by insulin. 
Mixing of purified insulin or insulin-like growth factor-I 
(IGF-I) receptors with pl25 Fak resulted in an increase 
in pl25 Fak phosphorylation. Using a kinase-deficient 
pl25 Fak mutant, we found that this protein is a direct 
substrate of the insulin and IGF-I receptor tyrosine ki- 
nases. This view is supported by two additional findings, 
(i) A peptide corresponding to pl25 Fak sequence com- 
prising amino acids 568-582, which contains tyrosines 
576 and 577 of the kinase domain regulatory loop, is 
phosphorylated by the insulin receptor; and (ii) pl25 Fak 
phosphorylation by the insulin receptor is prevented by 
addition of this peptide. Finally, we observed that 
pl25 Fak phosphorylation by the receptor results in its 
activation. Our results show that the nature of the cross- 
talk between the insulin/IGF-I receptors and pl25 Fak is 
dependent on the cell architecture, and hence the inter- 
action of the insulin/IGF-I signaling system with the 
integrin system will vary accordingly. 



The focal adhesion kinase pl25 Fak is a cytosolic tyrosine 
kinase initially isolated from Src-transformed cells (1,2). It is 
localized at focal adhesion plaques of cultured cells and binds to 
a number of proteins involved in the organization of the cy- 
toskeleton and to signaling molecules, resulting in the forma- 
tion of multicomponents complexes (reviewed in Refs. 3-6). 
Tyrosine phosphorylation of pl25 Fak occurs rapidly in response 
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to integrin clustering or binding to the extracellular matrix, 
and this correlates with increased kinase activity (2, 7-9). 

For most cell types, cooperation of adhesion-mediated and 
growth factor-mediated signaling pathways is required for ap- 
propriate growth control, and it is now widely accepted that 
pl25 Fak may be a point of convergence in the actions of inte- 
grins and growth factors (10, 11). Indeed, pl25 Fak is not only 
activated by integrins, but also by mitogenic neuropeptides 
(12), thrombin (13), sphingosine (14), the bioactive lipid lyso- 
phosphatidic acid (15-17), and by ligands for tyrosine kinase 
receptors such as platelet-derived growth factor and hepatocyte 
growth factor (18-20). 

In contrast to other tyrosine kinase receptors, which induce 
tyrosine phosphorylation of pl25 Fak , it has been reported that 
in fibroblasts insulin promotes a decrease in pl25 Fak phospho- 
rylation (21-23). 

The insulin receptor is a heterotetrameric oligomer consist- 
ing of two extracellular 135-kDa a-subunits and two 95-kDa 
transmembrane /3-subunits containing a tyrosine kinase (24, 
25). Insulin binding to the a-subunit stimulates autophospho- 
rylation of the )3-subunit cytoplasmic domain on multiple tyro- 
sine residues. This activates the receptor kinase, leading to 
phosphorylation of several substrates including IRS-1, 1 IRS-2, 
She, and Gab-1 (26-31). IRS- 1/2 and Gab-1 carry multiple 
potential tyrosine phosphorylation sites, which upon phospho- 
rylation become docking sites for SH2 domain-containing pro- 
teins. These include the p85 regulatory subunit of phospha- 
tidylinositol 3-kinase, Grb2, and the phosphotyrosine phospha- 
tase SHP-2 (32-34). 

IRS-1 is also found to be associated with Csk, the C-terminal 
Src kinase that is an inhibitor of the Src kinase family. It has 
been shown recently that the insulin-induced complex of IRS-1 
and Csk could be involved in dephosphorylation of pl25 Fak 
observed after insulin treatment of fibroblasts (35). 

The fact that insulin induces pl25 Fak dephosphorylation sug- 
gests the existence of an antagonistic action of insulin on the 
integrin signaling pathway. However, examples of cooperation 
between insulin and integrin signals have been reported. For 
instance, stimulation of DNA synthesis by insulin is potenti- 
ated by engagement of the a v /3 3 integrin. Moreover, insulin 
promotes the association of IRS-1 with this integrin, which is 
indicative of a putative role for IRS-1 in the cooperation be- 
tween the two signaling pathways (36). Finally, recent studies 
indicate that conjunction of insulin or IGF-I activation with 



1 The abbreviations used are: IRS, insulin receptor substrate; Fak, 
focal adhesion kinase; IGF-I, insulin-like growth factor-I; She, Src ho- 
mology collagen; SHP-2, SH2-containing protein-tyrosine phospha- 
tase-^ SH, Src homology; RHtR, Rat-1 human insulin receptor; PAGE, 
polyacrylamide gel electrophoresis; DMEM, Dulbecco's modified Eagle's 
medium; FCS, fetal calf serum; BSA, bovine serum albumin; PBS, 
phosphate-buffered saline; BES, (N^V-bis[2-hydroxyethyl]-2-amino- 
ethane-sulfonic acid). 
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integrin engagement plays an important role in dissemination 
of tumor cells (37). 

In the present work, we show that the effect of insulin on 
pl25 Fak phosphorylation depends on the adhesion status of the 
cells. Indeed, in nonattached cells insulin stimulates pl25 Fak 
phosphorylation, whereas in attached cells it induces its de- 
phosphorylation. In addition, we provide several lines of evi- 
dence for the view that pl25 Fak is a direct substrate of the 
insulin receptor and the IGF-I receptor tyrosine kinases, and 
that cross-phosphorylation of pl25 Fak by a tyrosine kinase 
receptor results in its activation. This may explain the positive 
cooperation occurring between integrins and insulin/IGF-I sig- 
naling pathways. 

EXPERIMENTAL PROCEDURES 

Materials— pl25 Fak cDNA, inserted at the EcoKL site into pBlue- 
script (KS~), was a generous gift from Dr. Thomas J. Parsons (Univer- 
sity of Virginia, Charlottesville, VA). 

Mouse monoclonal anti-pl25 Fak antibodies (clone 2A7) and anti- 
phosphotyrosine antibodies (clone AGIO) came from Upstate Biotech- 
nology, Inc, (Lake Placid, NY). Rabbit polyclonal antibody to pl25 Fak 
(A- 17) used in the Western blot experiments was from Santa Cruz 
Biotechnology (Santa Cruz, CA). Rabbit anti-mouse antibodies were 
purchased from DAKO (Glostrup, Denmark). Reagents for SDS-PAGE 
were from Bio-Rad. Hybond-C nitrocellulose was from Millipore, and 
protein G-Sepharose was from Sigma-France (St. Quentin Fallavier, 
France). [7~ 32 P]ATP was purchased from ICN-France. Porcine insulin 
and recombinant human IGF-I were kindly provided by Novo-Nordisk 
(Copenhagen, Denmark) and Lilly, respectively. 

Cell Lines — Rat-1 embryo fibroblasts transfected with an expression 
plasmid encoding the human insulin receptor (RHIR) were a gift from 
Dr. A. Ullrich (Max-Planck-Institut fur Biochemie, Munchen, Ger- 
many). These cells and Rat-1 cells were grown in Ham's F-12 medium 
and Dulbeco's modified Eagle's medium (DMEM) (1/1) supplemented 
with 10% (v/v) fetal calf serum (FCS) and 10 mM glutamine. 

NTH 3T3 cells transfected with an expression plasmid encoding the 
human IGF-I receptor were produced in our laboratory as described 
previously (38). 293 EBNA cells are human embryo kidney cells, which 
constitutively express the EBNA-I protein from Epstein-Barr virus, and 
Hep G2 is a cell line derived from human hepatocyte carcinoma (In- 
vitrogen, San Diego, CA). These cells were grown in DMEM supple- 
mented with 10% (v/v) FCS and 10 mM glutamine. All transfected cells 
were maintained in 400 ng/ml Geneticin (G418). 

3T3-L1 fibroblasts were cultured in DMEM containing 10% (v/v) FCS 
and 10 mM glutamine and were induced to differentiate into adipocytes 
as described previously (39). 

Cells were seeded into six-well plates or into 100 mm-diameter 
dishes and grown until confluence. They were starved overnight in 
DMEM containing 0.2% (w/v) bovine serum albumin (BSA) and 10 mM 
glutamine before use. 

Production of Kinase-deficient pl25 Fah — Site-directed mutagenesis 
was performed using the Transformer™ kit from CLONTECH. The two 
primers (Genset, Paris, France) were CCg CTC TAg AAC TAg Tgg gCC 
CCC Cgg gCT gC, which changes the BamHL site for Apal in the pBKS 
polylinker, and ggC TgT AgC AAT CAg AAC ATg TAA AAA CTg C, 
which replaced Lys-454 with.Arg in pl25 Fak . The manufacturer's in- 
structions were followed without modifications. The mutated plasmid 
was amplified into XL-lBlue Escherichia coli strain, and the mutation 
was checked by sequence analysis. The cDNA was subcloned into 
pCEP4 expression vector (Invitrogen) by excision at the sites Nhel and 
Xhol and ligation between the sites Xbal and Xhol of pCEP4. 

Transfection of 293 EBNA Cells— Cells were trypsinized and seeded 
at 250,000 cells/well of a six-well plate 2 days before use. Transfection 
was performed by the calcium phosphate precipitation method of Chen 
and Okayama (40). Plasmid DNA (1 jig/well) was incubated for 30 min 
at 25 °C with 0.25 M CaCl 2 and BES. This solution was added dropwise 
to the cells, which were incubated overnight at 35 °C under 3% C0 2 . 
Cells were starved for 15 h before use in DMEM containing 0.2% BSA 
(w/v). 

pl25 Fak Phosphorylation in Intact Cells— Insulin was added to the 
cells at a final concentration of 0.1 yM. After the indicated time periods, 
insulin was removed by two washes in 50 mM Hepes, pH 7.5, 150 mM 
NaCl, 10 mM EDTA, 10 mM Na 4 P 2 0 7 , 2 mM sodium orthovanadate, 100 
mM NaF (stop buffer). Cells were solubilized for 30 min on ice in the 
above buffer containing 1% (v/v) Triton X-100 and protease inhibitors 
(20 ijm leupeptin, 100 units/ml aprotinin, 1 mM phenylmethylsulfonyl 



fluoride). Lysates were then clarified by centrifugation at 13,000 X g for 
20 min at 4 °C before being added for 4 h at 4 °C to antibodies to pl25 Fak 
(1 /xg/500 tig of protein) preadsorbed on protein G-Sepharose. Pellets 
were washed three times in 50 mM Hepes, pH 7.5, 150 mM NaCl, 0.1% 
(v/v) Triton X-100, and were resuspended in Laemrnli sample buffer 
containing 3% (w/v) SDS and 5% (v/v) 2-mercaptoethanol. Proteins were 
analyzed by SDS-PAGE using a 7.5% resolving gel before Western blot 
analysis. 

In some experiments, we performed immunoprecipitation using an- 
tibodies to pl25 Fak and antibodies to paxillin mixed on protein G- 
Sepharose (1 and 1.5 jtg/500 /xg of protein, respectively). 

pl25 Fak Phosphorylation in Detached Cells— Cells were washed twice 
with phosphate-buffered saline (PBS) containing 1 mM EDTA, and 
detached gently from the dishes using a rubber policeman. They were 
washed once in PBS. Cells were maintained in suspension in PBS for 30 
min at 37 °C before the addition of insulin (0.1 jim) f° r the indicated 
time periods. Cells were dipped into ice, centrifuged at 3,000 X g for 3 
min at 4 °C, and washed twice with stop buffer. Cell solubilization and 
immunoprecipitation of lysates were performed as described above us- 
ing antibodies to pl25 Falt mixed or not with antibodies to paxillin. 

pl25 Fak Phosphorylation by Insulin and IGF-I Receptors in 
Vitro — We used 293 EBNA cells transiently transfected with the plas- 
mids encoding wild-type or kinase-deficient pl25 Fak (pl25 Fak /K454R). 

Cells were washed twice and solubilized in lysis buffer for 30 min on 
ice. Cleared lysates were incubated for 4 h at 4 °C with antibodies to 
pl25 Fok (1 /igftOO jxg of protein) preadsorbed on protein G-Sepharose. 
Pellets were washed three times in 50 mM Hepes, pH 7.5, 150 mM NaCl, 
0.1% (v/v) Triton X-100, and resuspended into this buffer. 

Insulin or IGF-I receptors, partially purified by chromatography on 
wheat germ agglutinin, were stimulated by insulin or IGF-I (0.1 jam) for 
30 and 15 min, respectively. Where indicated, insulin and IGF-I recep- 
tors were purified by immunoprecipitation using specific antibodies. 
The receptors were mixed with pellets containing the immunoprecipi- 
tated pl25 Fak . Phosphorylation mix was added to each sample (50 mM 
MgCl 2 , 60 /am [y- 32 P]ATP (2.5 mCi/mmol)) for 15 min at 22 "a In some 
experiments, the reaction was stopped by addition of 4-fold concen- 
trated Laemrnli sample buffer. In other experiments, the reaction was 
stopped by addition of ice-cold buffer (50 mM Hepes, pH 7.5, 150 mM 
NaCl, 0.1% (v/v) Triton X-100), and pellets were washed twice in this 
buffer before SDS-PAGE analysis. 

Western Blot Analysis — Samples were submitted to one-dimensional 
SDS-PAGE and were then transferred to polyvinylidene difluoride 
membrane following the method of Towbin et al (41). The membrane 
was blocked with saline buffer (10 mM Tris, pH 7.4, 140 mM NaCl) 
containing 5% (w/v) BSA for 4 h at 22 °C. Antibodies to phosphotyrosine 
(1 Ltg/ml) were added in blocking buffer for 15 h at 4 *C. Several washes 
were performed using the saline buffer containing 0.5% (v/v) Tween 20. 
Rabbit anti-mouse antibodies (1 itg/ml) were added for 1 h at 22 °C in 
blocking buffer, followed by several washes. The membrane was then 
incubated with 125 I-protein A (250,000 cpm/ml) for 1 h at 22 °C. After 
several washes, the membrane was autoradiographed. 

Phosphorylation of Fak Peptide (Amino Acids 568-582)— The pep- 
tide corresponding to pl25 Fttk amino acids 568-582 (SRYMED- 
STYYKASKG) was synthesized by Eurogentec (Belgium). The insulin 
receptor kinase activity toward this peptide was measured as follows. 
Partially purified insulin receptors were incubated without or with 
insulin (0.1 itM) for 60 min at 22 °C in a final volume of 40 yX containing 
50 mM Hepes, pH 7.5, 150 mM NaCl, 0.1% (v/v) Triton X-100. Increasing 
peptide concentrations were added to the receptors. Phosphorylation 
was initiated by addition of 15 pM [y- 32 P]ATP (2.5 mCi/mmol), 8 mM 
MgCL 2 , 4 mM MnCl 2 . The reaction was stopped by spotting a constant 
volume of each sample onto phosphocellulose papers, which were 
dipped into 1% (v/v) orthophosphoric acid. Papers were washed exten- 
sively, and 82 P incorporation into the peptide was quantified by Ceren- 
kov counting. The reaction was found to be linear for at least 2 h. 

RESULTS 

We wished to investigate whether the effect of insulin on 
pl25 Fak phosphorylation depends on cellular adhesion. To test 
this, we compared attached RHIR (Rat-1 fibroblasts overex- 
pressing the insulin receptor) with RHIR in suspension, a 
condition that causes disassembly of focal adhesion plaques 
and pl25 Fak dephosphorylation. Tyrosine phosphorylation of 
pl25 Fak was revealed by immunoprecipitation using antibodies 
to pl25 Fak , followed by immunoblotting with antibodies to 
phosphotyrosine. 
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Fig. 1. Insulin induces the dephosphorylation of pl25 Fak in 
attached cells. Cells were stimulated by insulin (0.1 jim) for different 
periods and solubilized. Lysates were submitted to immunoprecipita- 
tion using anti-pl25 Fak antibodies. Tyrosine-phosphorylated proteins 
were revealed by anti-phosphotyrosine immunoblotting. Representa- 
tive experiments are shown. Top panel shows results from RHIR cells, 
whereas middle and bottom panels represent Hep G2 hepatocytes and 
3T3-L1 adipocytes, respectively. 



In attached RHIR cells (Fig. 1, top panel), insulin induced 
rapid dephosphorylation of pl25 Fak . These data are in accord- 
ance with previous studies reporting pl25 Fak dephosphoryl- 
ation in response to insulin in quiescent cultures of fibroblasts 
or CHO cells (21-23, 42). No effect could be seen in parental 
cells, or in cells expressing kinase-deficient insulin receptors, 
indicating that pl25 Fak dephosphorylation is due to overex- 
pression of a functional insulin receptor (data not shown). To 
determine if the effect of insulin on pl25 Fak phosphorylation is 
also observed in cells that express physiological levels of en- 
dogenous insulin receptors, we performed similar experiments 
in 3T3-L1 adipocytes and in Hep G2 hepatocytes (Fig. 1, middle 
and bottom panels). As shown, insulin stimulation of Hep G2 
hepatocytes and 3T3-L1 adipocytes also resulted in dephospho- 
rylation ofpl25 Fak . 

Fig. 2 shows experiments in which cells were gently de- 
tached, maintained in suspension for 30 min, and subsequently 
stimulated with insulin. In these conditions, we observed only 
a weak phosphorylation of pl25 Fak in unstimulated cells. In- 
terestingly, insulin induced an increase in tyrosine phospho- 
rylation of pl25 Fak , both in RHIR and in Hep G2 hepatocytes. 
Phosphorylation of pl25 Fak was undetectable in nonattached 
3T3-L1 adipocytes, although this could be due to low levels of 
protein expression (data not shown). 

Quantification of pl25 Fak phosphorylation was performed to 
compare the time-courses (Fig. 3). Dephosphorylation of 
pl25 Fak in attached RHIR cells was maximal at 15 min and 
returned to initial phosphorylation level within 2 h. The de- 
crease in pl25 Fak phosphorylation reached 67.5 ± 5% of control 
after 15 min of insulin treatment. The time dependence shown 
here is consistent with previously published results (21). No 
major difference was observed between the three cell lines (see 
Fig. 1). In contrast, the time course of pl25 Fak phosphorylation 
in detached cells was different in RHIR and Hep G2 cells. 
Indeed, stimulation was observed within 2 min and was max- 
imal between 5 and 10 min in RHIR cells. At 5 min, we meas- 
ured a 4-fold induction of pl25 Fak phosphorylation. Phospho- 
rylation decreased rapidly and returned to basal levels within 
30 min. In Hep G2 hepatocytes, pl25 Fak phosphorylation 
reached its maximal level after 30 min (6-fold induction), but 
fully persisted until at least 60 min. 

As a whole, our data indicate that the effect of insulin on the 
phosphorylation of pl25 Fak is regulated by integrin engage- 
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Fig. 2. Insulin stimulates pl25 Fak tyrosine phosphorylation in 
nonattached RHIR cells and Hep G2 hepatocytes. Cells were 
gently detached from the culture dishes and maintained in suspension 
for 30 min before addition of insulin (0.1 /im) for the indicated periods. 
Cells were dipped into ice and washed twice with ice-cold buffer before 
solubilization. Lysates were submitted to immunoprecipitation using 
anti-p!25 Fak antibodies. Tyrosine phosphorylation of pl25 Fak was visu- 
alized by anti-phosphotyrosine immunoblotting. The amount of immu- 
noprecipitated p!25 F,lk was checked by reprobing the membranes with 
antibodies to pl25 Fa \ Representative experiments are shown. 
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Fig. 3. The effect of insulin on pl25 Pak phosphorylation de- 
pends on cell adhesion. Results were quantified using the Molecular 
Imager system from Bio-Rad. Values are the mean ± S.E. of several 
independent experiments and are expressed as percent of pl25 Fak phos- 
phorylation in absence of insulin. 

ment. Interestingly, insulin has opposite effects compared with 
other growth factors such as bombesin, which induces pl25 Fak 
phosphorylation in attached cells but not in cells maintained in 
suspension (43). 

It should be noted that stimulation of pl25 Fak phosphoryla- 
tion was also observed in detached NIH 3T3 cells overexpress- 



Fig. 4. The insulin receptor and 
IGF-I receptor stimulate pl25 Fok 
phosphorylation in vitro. pl25 Fak was 
immunoprecipitated from unstimulated 
fibroblasts. Concomitantly, insulin or 
IGF-I receptors were immunoprecipitated 
using specific antibodies and incubated 
or not with insulin or IGF-I (0.1 /xm). 
After several washes, pellets containing 
pl25 Fak were mixed with pellets contain- 
ing one receptor. Phosphorylation was 
initiated by addition of 15 tw [y- aa P]ATP, 
4 mM MnCl 2 , 8 raM MgCl 2 for 15 min at 
22 *C when using the insulin receptor. 
The phosphorylation mixture consisted in 
60 im ATP and 50 mM MgCl 2 when using 
the IGF-I receptor. The reaction was 
stopped by addition of Laemmli sample 
buffer. The samples were analyzed by 
SDS-PAGE and autoradiographed. 
Standard molecular weights are indicated 
on the right. 
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ing IGF-I receptors, whereas dephosphorylation was observed 
in attached cells, indicating that insulin and IGF-I have similar 
effects (data not shown). 

We were then interested to approach the mechanism of 
pl25 Fak phosphorylation seen in cells exposed to insulin or 
IGF-I. The simplest explanation could be that, in these cells, 
pl25 Fak is directly activated by insulin or IGF-I receptors, 
leading to its autophosphorylation. To test this, pl25 Fak was 
immunoprecipitated from unstimulated cells. Concomitantly, 
immunopurified insulin or IGF-I receptors were activated or 
not by their respective ligand. The receptors and pl25 Fak were 
then mixed together, and [y- 32 P]ATP was added to the samples. 
As shown in Fig. 4A, autophosphorylation of pl25 Fak in the 
absence of insulin receptor was detected (first lane). The un- 
stimulated receptor did not modify pl25 Fak phosphorylation 
(second lane). By contrast, addition of insulin-activated recep- 
tor induced a 2.3-fold increase in the level of pl25-Fak phos- 
phorylation (third lane). When unstimulated IGF-I receptors 
were used, an increase in pl25 Fak phosphorylation was ob- 
served (Fig. 4B, second lane compared with first lane). This is 
due to the high basal kinase activity and autophosphorylation 
levels of the IGF-I receptor in vitro that we have described 
previously (38). IGF-I addition to the receptor further in- 
creased pl25 Fak phosphorylation (4.4-fold stimulation com- 
pared with control). We noticed that the intrinsic kinase activ- 
ity of pl25 Fak was lower using the phosphorylation mixture 
suitable for the IGF-I receptor (i.e. containing 50 mM MgCl 2 ). 
Therefore, further experiments using either the insulin or the 
IGF-I receptors were performed in these conditions. 

In summary, incubation of pl25 Fak with insulin receptor or 
IGF-I receptor results in an enhancement of pl25 Fak phospho- 
rylation in vitro. In these experiments, the proteins were im- 
munopurified, and therefore this process is unlikely to be due 
to an intermediate kinase. We can probably rule out the possi- 
bility that pl25 Fak coimmunoprecipitates with Src, since it has 
been shown that pl25 Fuk and Src are not associated in resting 
cells. 

To determine whether this augmentation in pl25 Fak phos- 
phorylation is due to direct phosphorylation of the protein by 
the receptors or to activation of pl25 Fak , we constructed a 
kinase-deficient mutant of pl25 Fak by substitution of Lys-454 
to Arg (44). We first compared the expression level and kinase 
activity of the mutant and wild-type proteins in transfected 293 
EBNA cells. Protein expression was checked by immunopre- 
cipitation with antibodies to pl25 Fak followed by pl25 Fak im- 
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Fig. 5. Expression and kinase activity of wild-type and kinase- 
deficient pl25 F * k . 293 EBNA cells were transfected 2 days before use. 
Cells were solubilized, and pl25 Fak was immunoprecipitated using spe- 
cific antibodies. The level of protein expression was visualized by im- 
munoblotting with antibodies to pl25 Fak (left panel). Autophosphoryla- 
tion was measured in presence of 4 /aM [y- 32 P]ATP and 10 mM MnCl 2 
(right panel). The reaction was stopped by addition of Laemmli sample 
buffer for SDS-PAGE analysis. 

munoblotting with antibodies to pl25 Fak (Fig. 5, left panel). The 
mock-transfected cells express low levels of endogenous 
pl25 Fok compared with both the wild-type and mutant-trans- 
fected cells. To measure pl25 Fak kinase activity, the proteins 
immunoprecipitated from transfected cells were submitted to 
autophosphorylation (Fig. 5, right panel). As expected, the 
wild-type protein was markedly phosphorylated, whereas the 
mutant protein did not show detectable kinase activity. Next, 
we looked for direct phosphorylation of the mutant pl25 Fak by 
the two tyrosine kinase receptors. The kinase-deficient pl25 Fak 
was overexpressed in 293 cells and immunoprecipitated with 
antibodies to pl25 Fak . Insulin receptors or IGF-I receptors, 
stimulated or not, were added to the pl25 Fak -containing pel- 
lets. Phosphorylation was performed using [y- 32 P]ATP. After 
extensive washes, the proteins were analyzed by SDS-PAGE 
(Fig. 6). Since this pl25 Fak is kinase-deficient, no phosphoryl- 
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Fig. 6. Kinase-deficient pl25 p * k (K454R) is an in vitro substrate 
of the insulin receptor and the IGF-I receptor kinases. 293 EBNA 
cells were transfected with the plasmid encoding pl25 Fak mutated at 
lysine 454 (K454R). After 2 days, cells were lysed and pl25 Fek /K454R 
was immunoprecipitated using antibodies to pl25 Fok . Insulin or IGF-I 
receptors, stimulated or not by their respective ligand, were added to 
the washed pellets containing pl25 Fok . Phosphorylation was initiated 
by addition of 60 /im [7- 32 P] ATP and 50 mM MgCl 2 . The reaction was 
stopped by addition of ice-cold buffer and the pellets were washed twice. 
Samples were analyzed by SDS-PAGE. 



ation was detected in absence of receptors, or in presence of 
unstimulated receptors. However, phosphorylation of the ki- 
nase-dead protein occurred upon addition of ligand-stimulated 
receptors. Our results indicate that pl25 Fak is a direct sub- 
strate for the insulin and IGF-I receptors, at least in vitro. In 
some experiments, partially purified receptors were used, 
whereas in others, receptors were immunoprecipitated using 
specific antibodies. No difference concerning the extent of 
pl25 Fak phosphorylation was observed between these 
procedures. 

That pl25 Fak is a direct substrate for insulin and IGF-I 
receptors is further supported by the observation that a syn- 
thetic peptide corresponding to pl25 Fak sequence can be phos- 
phorylated by the insulin receptor. The sequence of pl25 Fak 
contains two twin tyrosine residues, Tyr-576 and Tyr-577, 
which are localized in the regulatory loop of its kinase domain 
and are phosphorylated by the Src kinase both in vitro and in 
vivo (45). The peptide corresponding to pl25 Fak amino acids 
568-582, containing tyrosines 570, 576, and 577, was synthe- 
sized and used in an in vitro kinase assay with the insulin 
receptor: As shown in Fig. 7, the peptide was heavily phospho- 
rylated by the insulin-stimulated receptor. For each experi- 
ment, a Lineweaver-Burk plot was obtained using a computer 
program for calculation of the best fit of the points. We calcu- 
lated a K m = 184 ± 4 ju-M in the presence of insulin. For 
comparison, we previously obtained a K m = 120 /am using a 
common substrate of the insulin receptor, i.e. a synthetic pep- 
tide corresponding to the receptor sequence 1142-1158, which 
also contains three tyrosine residues (46). Another peptide 
corresponding to pl25 Fak amino acids 369-406, which contains 
pl25 Fak major autophosphorylation site Tyr-397, was tested in 
a similar kinase assay. However, we did not detect phospho- 
rylation of this peptide by the insulin receptor (data not 
shown), suggesting that phosphorylation of pl25 Fak peptide 
568-582 by the receptor is specific. 

We hypothesized that incubation of this peptide with the 
insulin receptor would block pl25 Fak phosphorylation by the 
receptor. Thus, immunopurified pl25 Fak from overexpressing 
cells was incubated with or without the insulin receptor, in the 
presence of increasing peptide concentrations. Phosphorylation 
was measured by Western blotting with anti-phosphotyrosine 
antibodies. Fig. 8 shows that pl25 Fak peptide (568-582) inhib- 
its pl25 Fak phosphorylation by the insulin receptor. Inhibition 
was nearly complete (almost 80%) at 250 jam peptide. We con- 
clude from these experiments that the peptide competes with 
pl25 Fak for phosphorylation by the insulin receptor. 

Phosphorylation of pl25 Fak on tyrosines 576 and 577 by the 
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Fig. 7. A peptide corresponding to pl25 Fak sequence amino 
acids 568-682 is phosphorylated by the insulin receptor. Insulin 
receptors were incubated without (O) or with (•) insulin (0.1 /am). The 
following peptide concentrations were added to the receptors: 20, 40, 60, 
80, 160, and 320 lim. Phosphorylation was performed in the presence of 
[y- 32 P]ATP. Samples were analyzed using a filter paper assay. 
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Fig. 8. pl25 Fak phosphorylation by the insulin receptor is in- 
hibited by addition of the peptide corresponding to pl25 Fak 
sequence amino acids 568-582. p!25 Fak was immunoprecipitated 
from transfected 293 cells and mixed with the insulin receptor in the 
absence or in the presence of increasing peptide concentrations for 90 
min at 4 °C. Insulin (0.1 jxm) was then added and phosphorylation was 
performed in the presence of 60 /am [y- 33 P]ATP, 50 mM MgCl 2 . The 
reaction was stopped by addition of ice-cold buffer, and the pellets were 
washed twice. Phosphorylation of pl25 Fak was detected by Western 
. blotting with antibodies to phosphotyrosine. We show a representative 
experiment of four experiments, each run in duplicate. 

Src kinase has been shown to activate pl25 Fak enzymatic ac- 
tivity (45). Therefore, we tested the possibility that pl25 Fak 
phosphorylation by the insulin receptor could result in its ac- 
tivation. Overexpressed wild-type pl25 Fak was immunoprecipi- 
tated from 293 cells before being incubated without or with 
receptors, activated or not. Phosphorylation was performed 
using nonradioactive ATP. The pl25 F ^-containing pellets 
were washed extensively to remove the receptors, and the 
kinase activity of the protein was measured in the presence of 
[?- 32 P]ATP. The intrinsic kinase activity of pl25 Fak (deter- 
mined in the absence of the receptor) is shown in Pig. 9. Addi- 
tion of unstimulated receptor did not alter pl25 Fak kinase 
activity. However, phosphorylation by the ligand-stimulated 
receptor resulted in an increase in pl25 Fak activity. We con- 
clude therefore that pl25 Fak is phosphorylated by the insulin 
receptor, and that this phosphorylation results, in vitro, in 
activation of its protein kinase. 

To determine if, in intact cells, insulin-induced phosphoryl- 
ation of pl25 Fak results in the activation of its kinase activity, 
we measured in parallel the phosphorylation of pl25 Fak and 
paxillin, which is thought to be a physiological substrate of 
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pl25 Fak kinase. In these experiments, dual imxnunoprecipita- 
tion was performed using antibodies to pl25 Fak mixed with 
antibodies to paxillin. In Table I, we show that phosphorylation 
of paxillin varied similarly to that of pl25 Fak . Indeed, insulin 
induced dephosphorylation of both pl25 Fak and paxillin in at- 
tached Hep G2 hepatocytes, whereas in suspended Hep G2 
cells pl25 Fak and paxillin phosphorylation was enhanced. We 
conclude, therefore, that in intact hepatocytes insulin may 
induce both pl25 Fak dephosphorylation and deactivation, or 
p!25 Fak phosphorylation and activation, depending on integrin 
engagement. 

DISCUSSION 

The cytosolic tyrosine kinase pl25 Fak is thought to coordi- 
nate integrins and growth factors signaling pathways. Thus, 
tyrosine phosphorylation of pl25 Fak is modulated both by cell 
adhesion and by growth factor treatment. 

Cross-talk between integrin and insulin signalings is sug- 
gested by the finding that insulin stimulation of DNA synthesis 
is modulated by engagement of o^fa integrin. Moreover, in this 
system, insulin promotes association of IRS- 1 with the integrin 
(36). Finally, tyrosine-phosphorylated insulin receptors rapidly 
associate integrins at focal adhesion contacts (47). 

In this paper, we present evidence that cell adhesion regu- 
lates the effect of insulin on pl25 Fak phosphorylation. This was 
observed in Rat-1 fibroblasts expressing high levels of insulin 
receptors, but also in Hep G2 hepatocytes and 3T3-L1 adipo- 
cytes, which are insulin-sensitive cells. Moreover, we show that 
insulin regulates the phosphorylation of both pl25 Fak and pax- 
illin. Since paxillin is thought to be a physiological substrate of 
pl25 Fak tyrosine kinase, our results would indicate that 
pl25 Fak is activated by insulin. Paxillin may also be phospho- 
rylated by c-Src, which becomes activated by pl25 Fak upon 
association to the autophosphorylated form of p!25 Fak In this 
case, insulin-induced phosphorylation of paxillin could reflect 
the activation of the pl25 Fak -dependent signaling pathway. 

Our present data, together with previously published ones, 
point to a complex interaction between signaling pathways of 
pl25 Fak and the insulin/IGF-I receptors. A recent study has 



addition: « - ffi 




Fig. 9. pl25 Fok phosphorylation by the insulin receptor stim- 
ulates its kinase. Wild-type pl25 Fak was immunoprecipitated from 
transfected 293 cells and mixed with the insulin receptor. Phosphoryl- 
ation was performed in the presence of 60 jam nonradioactive ATP and 
50 him MgCl 2 . Pellets were washed six times to remove the receptor. 
pl25 Fllk kinase activity was then measured in presence of 4 jiM 
|> 32 P]ATP and 10 mM MnCl 2 . The reaction was stopped by addition of 
Laemmli sample buffer before SDS-PAGE analysis. 



shown that IRS-I phosphorylation by the activated insulin 
receptor induces its association with Csk (35). This protein is 
an inhibitor of c-Src, and could therefore abolish the input 
provided by Src. Another report indicates that SHP-2 is re- 
quired for pl25 Fak dephosphorylation (48). SHP-2 is a phospho- 
tyrosine phosphatase, which is stimulated by insulin through 
its association with phosphorylated IRS-1. Thus, inhibition of 
Src and activation of SHP-2 could cooperate to promote pl25 Fak 
dephosphorylation. 

Alternatively, we show that pl25 Fak can also be a substrate 
for the insulin/IGF-I receptor kinases. Indeed, we found that (i) 
kinase-deficient pl25 Pak is directly phosphorylated by insulin 
and IGF-I receptors in vitro, and (ii) a peptide corresponding to 
pl25 Fak sequence amino acids 568-582 is phosphorylated by 
the insulin receptor. Moreover, this peptide inhibits phospho- 
rylation of pl25 Fak by the insulin receptor. pl25 Fak sequence 
amino acids 568-582 is localized in the kinase domain regula- 
tory loop, which corresponds to the subdomain VII highly con- 
served among tyrosine kinases (49). It contains the kinases' 
consensus motif VXXXDFG, and two twin tyrosines, 576 and 
577. Tyrosine 576 corresponds to tyrosine 416 of the Src kinase, 
which is involved in regulation of Src catalytic activity (50, 51). 
The two tyrosine residues present in this subdomain are also 
found in one group of tyrosine kinase receptors, including the 
insulin and IGF-I receptors, Met, and Trk. Interestingly, these 
twin tyrosines are involved in regulation of the receptors' en- 
zymatic activity. Autophosphorylation on these sites is corre- 
lated with increased kinase activity, and their mutation se- 
verely impairs this kinase activity (52-61). Tyrosines 576 and 
577 of pl25 Fak are phosphorylated by the Src kinase, both in 
vivo and in vitro, a phosphorylation event that is associated 
with activation of pl25 Fak kinase activity (45). Similarly, phos- 
phorylation by the Src kinase of tyrosines 1135 and 1136 in the 
kinase domain regulatory loop of the IGF-I receptor correlates 
with receptor activation (57). Our study provides further evi- 
dence for the existence of such cross-phosphorylation resulting 
in activation of a protein-tyrosine kinase, since we show that 
pl25 Fak is phosphorylated and stimulated by the insulin 
receptor. 

The tyrosine kinase receptors Met and Trk both contain a 
kinase regulatory loop similar to that of the insulin receptor 
and pl25 Fak . Met is a potent activator of pl25 Fak in carcinoma 
cells, and this correlates with its effects on cellular migration 
(19). Hence, we suggest that transactivation of pl25 Fak may 
represent a common capability of this family of tyrosine kinase 
receptors. 

IGF-I/insulin-induced dephosphorylation of pl25 Fak depends 
on integrin engagement, since it does not occur in cells that are 
not in an adhesion state. It is not clear which integrin(s) me- 
diated) this response, but we hypothesize that, depending on 
which integrins are engaged, IGF-I/insulin-induced dephos- 
phorylation of pl25 Fak may or may not occur. In contrast, 
phosphorylation of pl25 Fak in response to insulin or IGF-I is 
independent of integrin engagement. In our study, cell adhe- 
sion was disrupted by maintaining cells in suspension. Al- 
though this might correspond to an artificial system, it is a 



Table I 

Paxillin phosphorylation correlates with pl25 Fak phosphorylation in intact cells 
Hep G2 hepatocytes were left attached or were detached before insulin stimulation for various times and solubilization. Immunoprecipitation 
was performed using antibodies to pl25 Fak and antibodies to paxillin mixed on protein G-Sepharose. Tyrosine-phosphorylated proteins were 
revealed by immunoblotting using antibodies to phospho tyrosine. Two independent experiments were quantified by the Molecular Imager System. 

Phosphorylation in attached cells stimulated with insulin for: Phosphorylation in detached cells stimulated with insulin for: 

Hep G2 — ; ~ — ~~ 

0 min 5 min 10 min 15 min 30 min 0 min 5 min 10 min 15 min 30 min 

pl25Fak 100 85.9 55.7 40.4 54.5 100 252 814 768 1721 

Paxillin 100 111.6 74.5 51.2 71.3 100 224 418 356 676 
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powerful way to study a particular cell response without inter- 
ference of adhesion-mediated signals. Although complete sus- 
pension is unlikely to occur in most cells, adhesion-dependent 
responses will vary depending on which cell type is considered, 
which integrins are expressed, and which panel of integrins are 
engaged on a particular extracellular matrix. The integrin sys- 
tem is highly complex, and it will be necessary to decipher all 
signals transmitted by each integrin to obtain a comprehensive 
picture of the possible cooperations with hormone and growth 
factors signals. 

We propose that, under particular cellular circumstances, 
the integrins, which control IGF-I- or insulin-induced dephos- 
phorylation of Fak, will not be expressed or activated. In this 
case, only phosphorylation will occur, since this signal is inde- 
pendent from integrin engagement. This hypothesis is sup- 
ported by recent work of Leventhal et aL (62), who reported 
IGF-I stimulation of pl25 Pak phosphorylation in SH-SY5Y neu- 
ronal cells associated with IGF-I-induced morphological 
changes and cell motility. Although this is in contrast with our 
observation of pl25 Fak dephosphorylation in attached fibro- 
blasts overexpressing IGF-I receptors, it supports the idea that 
IGF-I is also able to stimulate pl25 Fak phosphorylation de- 
pending on the cellular context. This apparent difference may 
be due to the type of cell system used, or to the specific integrin 
involved in the motility of SH-SY5Y neuronal cells. Another 
type of modified cell situation is found in transformed cells, 
which migrate to different locations and metastasize. Interest- 
ingly, insulin or IGF-I treatment also appears to play an active 
role in dissemination of certain tumor cells, in combination 
with a v f$ 5 integrin (37). 

To conclude, our data provide evidence that, in intact cells, 
insulin and IGF-I are able to induce pl25 Fak phosphorylation 
and activation, a result that would be compatible with a situ- 
ation of positive cooperation between insulin/I GF-I and inte- 
grin signaling pathways. Moreover, cell adhesion appears to 
control the effect of insulin and IGF-I on pl25 Fak -dependent 
signaling pathways. We propose therefore that hormone/ 
growth factor responses should be considered in a global cellu- 
lar context, which has to take into account other cooperating 
sytems such as adhesion-dependent signaling systems. 
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BOND LENGTHS BETWEEN CABBON 
AND OTHER ELEMENTS^ " 

Prepared by Qlga Kennard. 

The tables are based on bond distance determinating k« 
experimental methods, mainly X-rav and ^eWtr^ ^ff / by 
and include values pu Wished^ t ^J&^I^S^^Si 
present tables, for the sake of completers ^md^iduaJ V aKf 

;X^Sl<&^ i0n ^tional Tables for 

BOND LENGTHS BETWEEN CARBON AND OTHER ELEMFNt* 

Beferenoe: HOP and "TaMes o, intera to mi o distances- Ch "T^ 



Bond type 



AU types 



Element 



H** 

1.056 - 1.H5 



Be 
1.03 



All types 
Vis 



VI. 

TTT 



Alkyls (CH.XHO 
Aryl (C.H,XH,) 
_Neg. Subst. (CHiXCli) 



AH types 

Paraffinic (CHi)iX 



B 

.50 ± O.Qi 
1.54 - 1.20 



~~N** 
1.47 - 1.1 



VIII 



( mon osubstituted) 

(OHjX) 

^Ar?^ 0 . (^substituted) 

(OHiXj) 
Olefinic (CHj.GHX) 
Aromatic (CsHsX) 
Acetylenic (HG:CX) 



O** 

1.43 - 1.15 



1.381 ± 0.005 

1.334 ± 0.004 

1.32s ± 0.1 
1.30 ± 0.01 



Hg 

2.07 ± 0.01 



Al 

2.24 ± 0,04 



Ge 

1.98 ± 0.03 



1.87 ± 0.Q2 



S** 
1.81 - 1.55 



In 

2.16 ± Q.Q4 



Si 

1.8G5 ± 0.008 
1.84 ± 0.01 
1.88 ± 0.01 



As 

1.98 ± 0.02 



ci 

1.767 ± 0.002 

1.767 ± o;002 

1-72 ± 0.01 
1.70 ±0.01 
1.635 ± 0.Q04 



1.84 ±Vo2 1 1.83 ±°0.02 



* Error uncertain. 
** See following individual tables. 



Cr 

1.92 ± 0.04 
Tr 

1.937. ±0.003 

1.937 ± 0.003 

1.89 ± 0.01 
1.85 ± 0.01 
1.79* ± O.Qi 

Ni 

1.82 ±0.03 



Sn 



2.18 ± 0.02 



Sb 



Se 

1.98 -1.71 



I 

2,13 8 ± 0.01 

2.13 6 ± 0,1 

2.092 ± 0.005 
2.05 ± 0.01 
1.99 ± 0.02 



Pd 

2.27 ± 0.04 





















Pb . 
S 2.29 ± 0,05 






Bi 

> 2.30* 






.. Te 
2.05 ± 0.14 


Mo 
2 08 ± 0i04 


W. 

2.06 ± 0.01* 















Single Bond 

Paraffinic 
In diamond (18°C) 



CARBON-CABBON 



1.541 
1.54452 
Partial Double. Bond 

(1) Shortening of single bond in presence of 
carbon carbon double bond, e.g. (CH,)^ 
C:CH 2 ; or of aromatic ring e.g. C 6 H 4 .- 
CHj ■ - J 53 

(2) Shortening in presence of a carbon oxy- 

/ox §t n i ou . ble ^ ond e *g* CH,CHO 1.516 
W onortening in presence of two carbon- 
-,a\ 2J y ?f n Rouble bonds, e.g. (CO,H) 2 . 1.49 
(4; Shortening in presence of one carbon- 

carbon triple bond, e.g. CH,.C|CH . 1.460 

(5) In compounds with tendency to dipole 
/formation, e.g. C:C.CiN l 44 

(6) In graphite (at 15°C) 1.4210 

(7) In aromatic compounds 1.395 

(8) In presence of two carbon carbon triole' 
bonds, e.g. HCiC.CiCH P 1.373 



± 0.003 
± 0.00014 



±0.01 

±0.005 

±0.01 

± 0.003 

±0.01 
± 0.0001 
± 0.003 

± 0.004 



Double Bond 

(1) Simple 

(2) Partial triple bond, e.g. CH 2 :C:CH 2 
Triple Bond 

(1) Simple, e.g C 2 H 2 

V) Conjugated, e.g. CH a .(C:C) 2 .H 



1.337 ± 0.006 
1.309 ± 0.005 

1.204 ± 0.002 
1.206 ± 0.004 



CARBON-HYDROGEN 

Paraffinic (a) in methane 

(b) in monosubstituted 
. carbon 

(c) in disubstituted carbon 
eo\ me • W) *n tnsubstituted carbon 
(2 Olefinic, e.g. CH 2 :CH 2 
(3) Aromatic in C 6 H 6 
iil ^ et y Ienic » e.g. CHiC.X 

(6) In small rings, e.g. (CH 2 ) 2 S 



(1) 



1.091 

i.ioi + 

1.073 ± 
1.070 + 
1:07 ' ± 
1.084 ± 
1.056 ± 

1.115 ± 
1.081 ± 



0:003 

0.004 

0.007 

0.01 

0.006 

0.003 

0.004 
0.007 
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BOND LENGTHS BETWEEN CARBON AND 
OTHER ELEMENTS (Continued) 



BOND LENGTHS OF ELEMENTS 
(Continued) 



CARBON-NITROGEN 

Single Bond 

(1) Paraffinic (a) 4 co-valent nitrogen . , 

(b) 3 co-valent nitrogen 

(2) In C— N= e.g. CHjNO, 

(3) Aromatic in CeHsNHCOCH, . . 

(4) Snortened (partial double bond) in 
heterocyclic systems, e.g. CsHsN 

(&) Shortened (partial double bond) in 
v N— C=0 e.g. HCONHj 

Triple Bond 

(1) In R.CiN 



i:479 
1.472 
1.475 
1.426 



± 0.005 
± 0.005 
± 0.010 
± 0.012 



1.352 ± 0.005 
1.322 ±0.003 



1.158 ± 0.002 



CARBON-OXYGEN 

Single Bond 

(1) Paraffinic ■ .J A * 

(2) Strained e.g. epoxides ■■ 1.4/ 

(3) Shortened (partial double bond) as in 
carboxylic acids or through influence of 
aromatic ring, e.g. salicylic acid 1-36 



±0.01 
± 0.01 



±0.01 



±0.01 
±0.01 



Double Bond 

(1) In aldehydes, ketones, carboxylic acids, 
esters *■ 

(2) In zwitierion forms, e.g. DL serine 1-26 

(3) Shortened (partial triple bond) as in 
conjugated systems A ^ u ' ± uuuo 

(4) Partial triple bond as in acyl hahdes or 
isocyanates 117 ±0.01 

CARBON- SULPHUR 

Single Bond 

(1) Paraffinic, e.g. CH 3 SH 1.81(5>± 0.01 

(2) Lengthened in presence of fluorine, e.g. 

(CF 3 ) 2 S . 1.83 (5) ±0.01 

(3) Shortened (partial double bond) as in . 
heterocyclic systems, e.g. C 4 H 4 S l.'o ± 0.0 1 

Double Bond 

(1) In ethylene thiourea 4 1-71 ± 0.02 

(2) Shortened (partial triple bond) in pres- 
ence of second carbon double bond, e.g. 

CJOS l.OOo ,± U.UUo 



BOND LENGTHS OF ELEMENTS 



Element 



Ac : 

Ag (25°C) 
Al (25°C) 
As 

Au (25 6 C) .. 

Ba (room temp.) 
Be (a-form, 20°C) 
Bi (25°C) 
Brj 

Ca (a-form, 18°C) 
(0-form, 500°C 
Cd <21°C) 
Cli ... 
^ Ce 
Co (18°C) 
Cr (a-form, 20°C) 

(frform. >1850°C 
Cs (-10°C) 
Cu (20°C) 
Dy \ 



Bond 



Ag — Ag 
Al— Al 
As — As 
Afr — As 
Au — Au 
B— B 
Ba— Ba 
Be— Be 
Bi— Bi 
Br— Br 
Ca— Ca 

Cd— Cd 
CI— CI 
Ce— Ce 
Co— Co 
Cr— Cr 

Cs— Cs 
Cu— Cu 
Dy— Dy 



3.756 
2.8804 
2.863 
2 49 

2^44 ±0.03 

2.8841 

1.589 

4.347 

2.2260 

3.09 

2.290 

3.947 (f.cc) 

3.877 (b.c.c) 

2.9788 

1.988 

3.650 

2.5061 

2.4980 ■ 

2.61 

5.300 

2.5560 • 

3.503 



Element 



Er 
Eu 
F* 

Fe (a-form, 20°C) 
(7-form, 916°C) 
(5-form, 1394°C) 
Ga (20°C) 
Gd (20°C) 
Ge (20°C) 
Hi : 



He 

Hf (a-form, 24°C) 
Hg (-46°C) 
Ho 
Is 

In (20°C) 
Ir (room temp.) 
K (78°K) 
La (a-form) 
,(0-f orm) 
Li (20°C) 
Lu. 

Mg(25°C) 

Mn (v-form, 1095°C) 

(5-form, 1134°C) . 
Mo (20°C) 
Ni 

Na (20°C) 
Nb (20°C) 
Nd . - 
Ni (18°C) 
Np (a-form, 20°C) 
(0-form, 313°C) 
(7-form, 600°C) 
Oi 

Oi angle 116.8 ± 0.5° 

Os (20°C) 

P black 

P ( 

Pa 

Pb (25°C) 

Pd (25°C) . 

Po (a-form, 10°C) 

(0-form, 75°C) 
Pr (a-form) 

(0-form) 
Pt (20°C) 
Pu (7-form, 235°C) 

(i-form, 313°C) 

(«-form, 500°C) 
Rb (20°C) 
Re (room temp.) 
Rh (20°C) 
Ru (25°C) 
Ss 
S. 

Sb (25°C) 

Sc (room temp.) 

Se (20°C) 

Set 

Ses 

Si (20°C) 

Sn (a-form, 20°C) 
<0-form, 25°C) 

Sr (a-form, 25°C) 
(fl-form, 248°C) 
(7^form, 614°C) 

Ta (20°C) 

Tb 

Tc (room temp.) 

Te (25°C) 

Th (a-form, 25°C) 

(/5-form, 1450°C) 
Ti (a-form, 25°C) 

(0-form, 900°C), 
Tl (a-form, 18°C) 

(0-form, 262°C) 
Tm 

U (a-form) 

f/3-form, 805°C) 
V (30°C) 
W (25°C) ' 
Y 
Yb 

Zn(25°C) 
Zr 



Bond 



Er— Er 
Eu— Eu 
F 

-Fe 



Ga— Ga 
Gd^-Gd 
Ge— Ge 
H— H in Hj 
H— D in HD 
D— D in Di 
He— He in [Hei] + 
Hf— Hf 
Hg— Hg 
Ho— Ho 
—I 

In— In 
Ir 
K— K 
La — La 

Li— Li 
Lu — Lu 
Mg — Mg. 
Mn — Mn 

Mo — Mo 
N— N- 
Na— Na 
Nb— Nb 
Nd— Nd 
Ni— Ni 
Np— Np ■ 



O—O 
Os— Os 

p— P 

?a— Pa 
Pb— Pb 
Pd— Pd 
Po— Po 

Pr— Pr 

Pt— Pt 
Pu— Pu 



Rb— Rb 
Re — Re 
Rh— Rh- 
Ru— Ru 

S— S 

s— s 

Sb— Sb 
Sc— Sc 
Se— 8e 
Se— Se 
Sfrr-Se . 
Si— Si 

Sn — Sn diamond 

tvpe lattice 
Sr— Sr 



Ta— Ta 
Tb— Tb 
Tc— Tc 
Te— Tr. 
Th— Th 

Ti— Ti 

Tl— Tl " 

Tm— Tm 
U— U 

V— v 

w— w 

Y— Y 
Yb— Yb 
Zn— Zn 
Zr— Zr 



3.468 
3.989 

1.417 ± 0.001 

2.4823 (b.c.c.) 

2.578 (f.cc.) 

2.539 (b.c.c.) 

2.442 

3.573 

2.4498 

0.74611 

0.74136 

0.74164 

I.O80 

3.1273 (h.cp.) 

3.005 

3.486 

2.662 

3.2511 

2.714 

4 . 544 

3.739 (h.c.p.) 
3.745 (f.cc.) 
3.0390 
3.435 
3.1971 

2.7311 (f.cc) 
2. 6679 (b.c.c) 
2 7251 

1.0975b ± 0.0001 

3.7157 

2.8584 

3.628 

2.4916 

2.60 (orthorhombic) 
2.76 (tetragon.) 
3.05 (b.c.c) 
1.208 

1.278 ± 0.003 
1 2. 67 54 

2 18 

2^21 ± 0.02 

3;212 

3 . 5003 

2.7511 

3. 34 5. (cubic) 

3.359 (rh. hedr.) 

3.640 (tetrag.) 

3.649 (f.cc.) 

2.746 

3.026 (f.c.c.) 

3.279 (f.cc) 
3.150 (b.c.c.) 
4:95 

2.741 
2.6901 
2.6502 
1.887 

2.07 ± 0.02 
2.90 
3.212 
2.321 

2.152 ± 0.003 
2.32 ± 0.003 
2.3517 
2.8099 

3.022 (tetrag.)' 
4.302 (f.cc) 
4.32 (h.c.p.) 
4.20 (b.c.c) 
2.86 
3.525 
2.703- 
2.804 

3 .595 (f:c.c) 
.3.56 (b.c.c) 
2.8956 (h.c.p.) 
2.8G36 (b.c.c) 
3.4076 (h.c.p.) - 
3.362 (b.c.c.) 
3.447 .-. ' : 
2.77 " % 
3.058 (b:cc), 
2.0224 
2 . 74,09 
3:551 
3.880 : 
2.6694.- - 
3.179 
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The active site substrate specificity of protein kinase 
C (PKC) has been evaluated. Like the cAMP-dependent 
protein kinase (PKA), PKC will efficiently phosphory- 
late achiral residues attached to an active site-directed 
peptide. In contrast, PKC exhibits behavior that is dra- 
matically different from PKA with respect to the phos- 
phorylation of a-substituted alcohols. Although PKA will 
only phosphorylate residues that contain the same ste- 
reochemistry as that found in L-serine, PKC will phos- 
phorylate a-configurationai isomers that correspond to 
both the l- and o-stereoisomers. The possible structural 
basis for the "dual specificity" of PKC is explored. In an 
analogous vein, although ^-substituted alcohols that 
serve as PKA substrates must contain the same stereo- 
chemistry as that present in L-threonine, PKC will phos- 
phorylate configurational isomers which correspond to 
both L-threonine and l-o//o- threonine. The implications 
of these observations with respect to protein kinase in- 
hibitor design are discussed. 



Protein kinases typically catalyze phosphoryl transfer from 
ATP to the serine, threonine, and/or tyrosine residues con- 
tained within intact proteins. In many instances, this reaction 
serves to modulate the activity of the target protein (1), 
whereas in other cases, the newly generated phosphorylated 
amino acid acts as a focal point for the formation of protein* 
protein complexes (2). Due to the large number of protein ki- 
nases present in a typical mammalian cell and the relatively 
general nature of the reaction catalyzed by these enzymes, it is 
evident that some degree of control is required to ensure that 
the proper protein target undergoes phosphorylation at the 
appropriate point in time. In short, individual protein kinases 
must possess characteristic structural features which allow the 
catalytic activity of these enzymes to be carefully regulated. 
Indeed, many protein kinases are themselves substrates for 
other protein kinases, and consequently the phosphorylated 
state of the enzyme determines whether or not the protein 
kinase is active. Furthermore, once activated, many of these 
enzymes exhibit a special affinity for specific sequences of 
amino acids which encompass the phosphorylatable residue on 
the protein substrate (3). Clearly, kinase specificity may be 
governed by the local secondary or tertiary structure that en- 
velops the target amino acid on the substrate as well. Evidence 
has also accrued which suggests that protein phosphorylation 
is regulated by targeting subunits, molecular entities which 
restrict kinases to specific microenvironments within the cell 
(4). In addition, there are even clearly defined critical struc- 
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tural variations in the catalytic core, a region of strong primary 
sequence homology among protein kinases (5). Key structural 
permutations in this region have a profound effect on the cata- 
lytic behavior of this enzyme family. For example, protein ki- 
nases are typically divided into subfamilies, those which spe- 
cifically phosphorylate serine/threonine residues and those 
which phosphorylate tyrosine residues. The particular sub- 
strate specificity displayed by an individual protein kinase has 
now been linked to a critical active site residue (6). Apparently, 
structural variations are present in the highly conserved ATP 
binding region as well. For example, the staurosporine deriva- 
tive, Go 6976, serves as a potent inhibitor of the protein kinase 
C ("PKC") 1 isozymes a and ^l, In this capacity, it acts as a 
competitive inhibitor versus ATP. Yet, it fails to exert any effect 
on the catalytic activity of the S, e, and f isoforms (7). Obser- 
vations such as these suggest that even serine/threonine-spe- 
cific protein kinases may exhibit differences in terms of then- 
active site substrate specificity. We have recently found that 
the cAMP-dependent protein kinase ("PKA") will phosphory- 
late, in addition to the standard serine and threonine amino 
acid moieties, a wide variety of non-amino acid hydroxyl-con- 
taining residues (8). Based upon these observations, we have 
been able to evaluate the general scope of the active site sub- 
strate specificity of PKA, including the effect of stereochemistry 
at the a and 0 positions of the hydroxyl-bearing residues on 
substrate recognition. We now report the active site substrate 
specificity of a second protein kinase, namely PKC. Astonish- 
ingly, PKC's active site specificity exhibits some dramatic dif- 
ferences from that which has been previously noted for PKA. 

MATERIALS AND METHODS 

All chemicals were obtained from Aldrich, except for [y- a2 P]ATP (Du- 
Pont NEN), cAMP (Fluka), protected amino acid derivatives (Advanced 
Cherotech and United States Biochemical Corp.), Liquiscint (National 
Diagnostics), and phosphatidylserine (Serdary Research Laboratory). 
Dialysis tubing was purchased from Fisher, CM C-50 Sephadex and 
GS-100 Superfine Sephadex were obtained from Pharmacia LKB Bio- 
technology Inc., and Afn-Gel Blue resin was acquired from Bio-Rad. 
Phosphocellulose P 81 paper disks were purchased from Whatman. 

cAMP-dependent Protein Kinase Preparation — The catalytic subunit 
was purified to homogeneity using a previously described procedure (9). 
Purity was assessed via SDS-polyacrylamide gel electrophoresis, which 
displayed a single band at a molecular mass of 41 kDa. Ellman's reagent 
titrated the cysteine residues to 2.05-2.10 sulfhydryls/molecule of en- 
zyme, which is in excellent agreement with previously reported studies 
(10) and the known primary structure of the catalytic subunit (11). 

Protein Kinase C— -Protein kinase C was purchased from Upstate 
Biotechnology Inc. The enzyme was obtained from rat brain and was 
purified to greater than 97% using sequential chromatography on 
DEAE-Sephacel, phenyl-Seph arose, and poly-L-lysine- agarose (12). The 
protein kinase C employed in this study is a mixture of the a, ^, and y 
isoforms (13). 



1 The abbreviations used are: PKC, protein kinase C; PKA, protein 
kinase A; MOPS, 4-morpholinepropaneaulfonic acid; Boc, butoxy car- 
bony!. 
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Peptide Synthesis— Boc-Leu-Arg-Arg-Arg-Arg-Fhe- and Boc-Leu-Ar- 
g(tosyl)-Arg(to8yl)-Arg*Arg<Phe-Ser(0-benzyl)- were prepared on Kai- 
ser's oxime resin with t-Boc amino acids and subsequently displaced 
from the resin with a series of amines using previously described pro- 
tocols (14-18). Leu-Arg(tosyl)-Arg(to8yl)-Arg(tosyl)-Arg(toayl>-Phe- 
Ser(0-benzyl)-Gly-aniide was prepared from the benzhydrylamine 
resin. The serine-containing peptides were then deprotected with 90% 
HF, 10% anisole, and extracted into 10% acetic acid and lyophilized. All 
of the crude peptides were subsequently partially purified via ion ex- 
change chromatography on SP-sephadex 025 (0.6S-1.2 m NaCl gradi- 
ent in a 50 mM NaOAc, pH 3.5, buffer, 300 ml total volume). The 
peptides were then simultaneously desalted and further purified on a 
preparative high performance liquid chromatography using three Wa- 
ters radial compression modules (25 x 10 cm) connected in series (gra- 
dient (solvent A: 0.1% trifluoroacetic acid in water; solvent B: 0.1% 
trifluoroacetic acid in acetonitrile): OS min (100% A); a linear gradient 
from 3 min (100% A) to 30 min (75% A and 25% B); a steep final linear 
gradient to 90% B for column cleansing purposes). All peptides gave 
satisfactory fast atom bombardment mass spectral analyses. 

cAMP-dependent Protein Kinase Assay — Assays were performed in 
triplicate at pH 7.1 and thermostatted in a water bath maintained at 
30 °C. Final assay volume totalled 50 ul and contained 100 nm MOPS, 
150 mw KC1, 12.5 mM MgCl 2 , 0.125 mg/ml bovine serum albumin, and 
1.5 mi catalytic subunit. For the determination of kinetic constants the 
following concentrations were employed: 100 um [y- 32 PlATP (300 cpm/ 
pmol) and a substrate concentration of 10-100 um for Leu-Arg-Arg-Arg- 
Arg-Phe-(S-benzyI-{D>-cy8teinol). Phosphorylation reactions were initi- 
ated by addition of 10 ul of catalytic subunit from a stock solution (1.5 
mg/ml in 100 mM MOPS, 0 mM KC1, 1 mM dithiothreitol, and 0.125 
mg/ml bovine serum albumin at pH 7.1). Reactions were terminated 
after 5.0 min by spotting 25- ul ali quota onto 2.1-cm diameter phospho- 
cellulose paper disks. After 10 s the disks were immersed in 10% glacial 
acetic acid and allowed to soak with occasional stirring for at least 1 h. 
The acetic acid was decanted, and the disks were collectively washed 
with four volumes of 0.5% H 3 P0 4 , 1 volume of water, followed by a final 
acetone rinse. The disks were air-dried and placed in plastic scintilla- 
tion vials containing 6 ml of liquiscint prior to scintillation counting for 
radioactivity. 

Protein Kinase C Assay—These assays were performed using a slight 
modification of a previously published method (19). Assays were per- 
formed in triplicate at pH 7.5 and thermostatted in a water bath main- 
tained at 30 °C. Final volume totalled 50 ul and contained 62.5 mM 
HEPES, 0.75 mM CaCl 2 , 12.5 mM MgCl 2l 0.5 mM EGTA, 7.5 ug/ml phos- 
phatidyl serine, and between 2.5 and 7.0 ng of protein kinase C, de- 
pending upon the efficacy of the substrate. For the determination of 
kinetic constants, the following concentrations were employed: 50 um 
[Y- 32 P]ATP (750-3000 cpm/pmol) and a substrate concentration that 
varied over a 10-fold range around the apparent K m . Phosphorylation 
reactions were initiated by the addition of 10 ul of protein kinase C from 
a stock solution (11.0 ug/ml in 20 mM Tris-HCl, 1 mM dithiothreitol, 1 mM 
EDTA, and 0.75 mg/ml bovine serum albumin at pH 7.5). Reactions 
were terminated after 5 .0-1 0.0 min, depending upon the efficacy of the 
substrate, by spotting 25-ul aliquots onto 2.1-cm diameter phosphocel- 
lulose paper disks. After 10 s the disks were immersed in 10% glacial 
acetic acid and allowed to soak with occasional stirring for at least 1 h. 
The acetic acid was decanted, and the disks were collectively washed 
with 4 volumes of 0.5% H 3 P0 4 , 1 volume of water, followed by a final 
acetone rinse. The disks were air-dried, and placed in plastic scintilla- 
tion vials containing 6 ml of liquiscint prior to scintillation counting for 
radioactivity. 

Determination of Kinetic Constants — The apparent K m (±S.D.) and 
V max (±S.D.) values for all peptides were determined from initial rate 
experiments. The data from these experiments were plotted using the 
Lineweaver-Burk procedure and the corresponding plots proved to be 
linear in all cases. 

RESULTS AND DISCUSSION 
PKC is a Ca 2+ - and phospholipid-activated protein kinase 
that has gained considerable notoriety by serving as the recep- 
tor for the tumor-promoting phorbol esters (20-22). Indeed, 
PKC is recognized to act both as an important component in 
normal mitogenic signaling pathways, as well as in its consti- 
tutively active state, a key factor in tumor promotion and car- 
cinogenesis. Furthermore, researchers have noted that several 
lipophilic cationic compounds which impair PKC activity in 
vitro also serve to inhibit the growth of tumors in vivo (e.g. see 



Table I 

K m and V r max values for previously described peptide substrates for 
protein kinase C 



Peptide K m V mtLX Ref. 





ft* 


pmolfmin-mg 




1) PLSRTLSVSS-amide 


32.5 


2.0 


19 


2) PLSRTLSV-amide 


36.9 


2.2 


19 


3) PLSRTLS-amide 


761 


0.9 


19 


4) PLRBTLSVAA-amide 


14 


1.4 


19 


5) PLSRRLSVAA-amide 


21 


1.3 


19 


6) KKKKKRFSFKKAFK1AGFAFKKNKK 


0.05 


0.62 


26 



Refs. 23 and 24). The proclivity of cationic species for PKC 
mirrors the the known substrate sequence specificity of the 
enzyme, which exhibits a special affinity for proteins and pep- 
tides containing serine/threonine moieties surrounded by posi- 
tively charged amino acid residues (25-31). Several previously 
reported PKC peptide substrates, along with their K m and V max 
values, are provided in Table I. 

Active site-directed peptides containing a range of structur- 
ally diverse alcohol-bearing residues are required in order to 
thoroughly analyze the active site substrate specificity of PKC. 
We have noted previously that there are laborious synthetic 
obstacles associated with the synthesis of peptides containing 
hypermodified amino acid residues (8). Fortunately, these dif- 
ficulties can be readily circumvented by attaching the hy- 
droxyl-bearing residue to the peptide after solid phase peptide 
synthesis (8). However, such an approach requires ready access 
to a peptide which is efficiently phosphorylated at either the N 
or the C terminus. While peptide 3 is phosphorylated at the 
C-terminal serine residue, the K m exhibited by this substrate is 
unattractive for our needs. Peptide 4, which contains an Arg 
dyad at the P - 3/P - 4 position {i.e. on the N-terminal side of 
the serine moiety) exhibits a somewhat lower K m than peptide 
1, which contains only a single Arg residue. Similarly, peptide 
5 contains an Arg dyad at the P - 2/P - 3 position and displays 
a modestly improved K m versus 1 as well. Consequently, a pep- 
tide containing several contiguous basic residues could improve 
the efficacy of phosphorylation at the C-terminal site. The af- 
finity of peptides for PKC may be further enhanced by the 
presence of a hydrophobic residue at the P - 1 site. The tertiary 
structure of PKA reveals that a small hydrophobic pocket 
(which lies just below a glycine rich loop) is positioned near the 
side chain of the P - 1 residue (32-36). Consequently, it is likely 
that the side chains of lipophilic amino acids can be inserted 
into this region and thereby enhance the overall interaction 
between substrate and enzyme. If PKC contains an analogous 
structural feature, then a hydrophobic residue at P - 1 would 
be expected to amplify the affinity of peptides for PKC as well. 
Consequently, we prepared the heptapeptide Leu-Arg-Arg-Arg- 
Arg-Phe-Ser-amide 7. This species serves as a reasonably effi- 
cient substrate (K m of 52.1 um and a of 2.9 umol/min-mg). 
With the parent peptide 7 in hand, we examined the active site 
substrate specificity of PKC. The latter was isolated from rat 
brain and is actually a mixture of the a, 0, and 7 isoforms (37). 
Consequently, the activities described in this paper represent 
the combined or "bulk* properties of these closely related PKC 
enzymes. 

An Achiral Residue at the Phosphorylation Site Will Serve as 
an Efficient Substrate— We initially examined the ability of 
PKC to phosphorylate achiral alcohol-bearing residues. Upon 
treatment of the Leu-Arg-Arg-Arg-Arg-Phe-oxime resin with 
ethanolamine, propanolamine, and butanolamine, we obtained 
the corresponding derivatives 8, 9, and 10, respectively. All of 
these species are substrates for PKC. The K m and V max values 
are provided in Table II, along with the kinetic constants pre- 
viously obtained for an analogous series of PKA substrates (8). 
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Table II 

K m (fiu) and (fimol I min-mg) values for peptides 7-10 
Kinetic constants were determined as described under "Materials and Methods." The values are given as the average ± S.D. The K m and 
values for the PKA substrates have been reported previously (8). The peptide for the PKC substrates is Leu-Arg-Arg-Arg-Arg-Phe-, whereas its 
counterpart for the PKA substrates is Gly-Arg-Thr-Gly-Arg-Arg-Asn-. ^ 



Peptide-amino alcohol 



PKC 



PKA 



(7) 



52.1 ±2.4 



2.88 ±0.10 



11.8 ± 1.4 



14.5 ± 0.8) 



-NH-(CH 2 ) 2 OH (8) 
-NH-(CH 2 ) 3 OH (9) 
-NH-(CH 2 ) 4 OH (10) 



71.0 ± 3.4 
111 ±3 
602 ± 167 



2.07 ± 0.07 
0.88 ± 0.01 
0.14 ±0.01 



114 ± 16 
525 ±37 
794 ± 17 



8.29 ± 0.27 
4.84 ±0.12 
0.175 ±.002 



Table III 

K m (pit) and famolf min-mg) values for peptides 11-18 
Kinetic constants were determined as described under "Materials and Methods." The values are given as the average ± S.D. The K m and 
values for the PKA substrates have been reported previously (8). The peptide for the PKC substrates is Leu-Arg-Arg-Arg-Arg-Phe-, whereas its 
counterpart for the PKA substrates is Gly-Arg-Thr-Gly-Arg-Arg-Asn-. 



Peptide-amino alcohol 



PKC 



PKA 



HO, 



<U> 



106 ±11 



2.52 ±0.14 



35.0 ± 7.0 



9.73 ± 0.90 



-NHlTCH^Ha (12) 



57.0 ± 7.4 



1.04 ±0.05 



141 ± 3.0 



19.4 ± 0.20 



1 



(13) 



80.7 ± 4.0 



0.27 ± 0.01 



96.0 1 21 



16.2 ± 1.3 



"1 

-NH-TCHjCHfCH^ (14) 



129 ±17 



0.072 ± 0.003 



74.8 ± 2.9 



6.56 ± 0.12 



(15) 



70.1 ±5.0 



0.58 ± 0.07 



7.15 ±0.75 



20.7 ± 0.7 



HO 

•nhT-° (16) 



36.7 ± 1.7 



0.90 ±0.01 



Not tested 



HO ^CH^s 

*NHTy NH 
H o 



(17) 



(18) 



44.3 ± 2.8 



33.0 ± 5.5 



1.00 ± 0.04 



1.91 ± 0.16 



Not tested 



Not tested 



ATP HO-^-H 

Thr201 
1 1 



ATP 
NH 



H 



ThrSOt 
1 9 



Fig. 1. Proposed unfavorable steric interactions between 
or-eubstituents of the substrate and Thr-201 in the active site of 
the cAMP -de pendent protein kinase. Peptide 11 serves as an effi- 
cient substrate, whereas 19 fails to undergo PKA-catalyzed phosphory- 
lation. The latter may be a consequence of disruptive steric interactions 
between the a-methyl substituent in the latter and the active site Thr- 
201 residue. Presumably, such an interaction precludes the requisite 
active site conformation necessary for enzyme-catalyzed phosphoryl 
transfer. Peptide = Gly-Arg-Thr-Gly-Arg-Arg-Asn-. 



It is important to note that the PKA peptide substrates contain 
a primary sequence (i.e. Gly-Arg-Thr-Gly-Arg-Arg-Asn-amino 
alcohol) that differs from the PKC substrates employed in this 



study. Consequently, a direct comparison of the kinetic con- 
stants obtained for these two peptide series is not particularly 
meaningful. However, interesting trends are apparent within 
each series. For example, the PKC substrates 7, 8, and 9 ex- 
hibit very similar K m values. In contrast, with the primary 
sequence employed, PKA is more sensitive to the absence of the 
C-terminal amide moiety (c/. 7 and 8; 10-fold increase in K m ) as 
well as to an increase in the length of the side chain (cf. 7 and 
9; 50-fold increase in K m ) than PKC. PKC and PKA do have one 
property in common, namely the relatively inefficient phos- 
phorylation of the butyl alcohol side chain of 10. However, the 
most significant feature of the results from Table II is the 
apparent general ability of protein kinases to catalyze phos- 
phoryl transfer from ATP to an achiral residue. This has im- 
plications in terms of inhibitor design, since exceedingly simple 
derivatives of ethanolamine or propanolamine can now be con- 
structed containing novel and, if necessary, hypersensitive 
functional groups for enzyme inhibition or inactivation. 
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Table IV 

K m (fas) and V r mm (fimol I 'min-mg) values for peptides 19-22 
Kinetic constants were determined as described under "Materials and Methods." The values are given as the average ± S.D. The K m and 
values for the PKA substrates have been reported previously (8). The peptide for the PKC substrates is Leu-Arg-Arg-Arg-Arg-Phe-, whereas its 
counterpart for the PKA substrates is Gly-Arg-Thr-Gly-Arg-Arg-Asn-. 



Peptide-amino alcohol 



PKC 



PKA 



HO, 
-NH 



(19) 



170 ± 21 



0.067 ±0.003 



Not a substrate 



(20) 



123 ±5 



0.325 ± 0.003 



Not tested 



HO. 
-NH 



(21) 



(22) 



100 ±6 



87.4 ± 2.9 



0.209 ± 0.006 



0.297 ± 0.003 



Not a substrate 



Not a substrate 



(a) 



(b) 




Fig. 2. Possible orientations of peptide 22 in the active site of 
PKC. o, the substrate binds to the enzyme in the "standard" fashion, 
running from N to C terminus. The active site constraints are such that, 
in spite of an a-center stereochemistry equivalent to n-serine, the pep- 
tide undergoes phosphorylation. 6, the substrate binds to the enzyme in 
a "nonstandard" manner, running from C to N terminus. In this con- 
formation, the stereochemistry presented to the enzyme at the a-center 
of the alcohol-containing residue is analogous to that present in l- 
serine. However, the a-stereochemistry of the other amino acid residues 
in the peptide is now inverted. 

Substituents at the a-Position Alter the Efficacy ofPhospho* 
ryl Transfer— Hydrophobic residues are often present at the P 
+ 1 position in PKC substrates {e.g. Table I). Indeed, removal of 
the C-terminal valine from peptide 2 results in a 20-fold in- 
crease in K m {cf. peptides 2 and 3, Table I). This suggests that 
hydrophobic substituents at the a-position (Table III) should 
improve the PKC substrate efficacy of these peptides, if the 
substituents are of sufficient length to occupy the adjacent P + 
1 position. The a-site stereochemistry of the peptides provided 
in Table III corresponds to that present in L-serine (cf. peptide 
7). Interestingly, nearly all the compounds proved to be poorer 
PKC substrates than the simple unsubstituted ethanolamine 
derivative 8. This is especially true of the a-C-benzyl (13) and 
or-C-isobutyl (14) derivatives, both of which exhibit dramati- 
cally curtailed V mox values. The relatively bulky a-substituents 
on these compounds are positioned to occupy a region in the 
active site normally held by the peptide amide nitrogen which 




Fig. 3. Proposed unfavorable steric interactions between 
3-substituente of the substrate and Ser>53/Phe-54 in the active 
site of the cAMP-dependent protein kinase. Peptide 23 is phos- 
phorylated by PKA, whereas 24 is not. This may be a consequence of 
disruptive steric interactions between the 0-methyl substituent in the 
latter and the active site Ser-53/Phe-54 residues. Presumably, such an 
interaction precludes the requisite active site conformation necessary 
for enzyme-catalyzed phosphoryl transfer. Peptide => Gly-Arg-Thr-Gly- 
Arg-Arg-Asn-. 

links the P and P + 1 residues. Consequently, it is evident that 
the enzyme is unable to proficiently incorporate these sterically 
demanding substituents in this portion of the active site. The 
S-benzyl derivative 17 also exhibits a relatively low V^^. How- 
ever, both the K m and the V max improve by 2-fold upon replace- 
ment of the sulfur with a smaller oxygen atom (i.e. 16). Further 
improvement in V max was realized with the benzylamine de- 
rivative 18. Indeed, the best PKC substrates have a decidedly 
peptide-like structure, with an amide moiety off the a-carbon 
atom. However, overall the results are somewhat surprising in 
that even the kinetic constants associated with the phosphory- 
lation of 18 do not represent a significant improvement over 
those obtained with the parent compound 7. Indeed, the only 
structural difference between 7 and 18 is the presence of a 
hydrophobic N-benzyl moiety in the latter. One possible inter- 
pretation is that while hydrophobic substituents at the P + 1 
position can improve the effectiveness of a particular substrate 
{cf. 2 and 3), the impact that such a substituent will have on the 
kinetics of phosphoryl transfer may ultimately be dependent 
upon the primary sequence of the peptide. 

77ie Side Chain a- and ^-Configuration of the Substrate Is 
Not a Critical Recognition Element in Protein Kinase C-cata- 
lyzed Reactions — We have demonstrated in a series of papers 
that only peptides containing the proper configuration at the 
a-center (i.e. corresponding to that present in L-serine) serve as 
substrates for PKA (8, 37, 38). Hie recently solved tertiary 
structure of PKA offers some insight into the structural basis 
for this observed stereospecificity (32-36). When active site- 
bound, the alcohol-bearing residue on the substrate molecule 
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Table V 

K m (fin) and (fimol/min-mg) values for peptides 23-24 
Kinetic constants were determined as described under "Materials and Methods.** The values are given as the average ± S.D. The K m and 
values for the PKA substrates have been reported previously (8). The peptide for the PKC substrates is Leu-Arg-Arg-Arg-Arg-Fhe-, whereas its 
counterpart for the PKA substrates is Gly-Arg-Thr-Gly-Arg-Arg-Asn-. 



Peptide-amino alcohol ■ — ■ — — — — 













■NH 


(23) 


107 x 19 


0.164 ±0.007 


607* 83 1.24 ±0.10 


H 

HC\T,CH 3 
■NH 


(24) 


104 ±3 


0.028 * 0.001 


Not a substrate 



lies just above Thr-201, a highly conserved residue present (as 
either serine or threonine) in all serine/threonine-specific pro- 
tein kinases (7). In the allowed configuration, the a-hydrogen is 
directed toward Thr-201. In contrast, in the forbidden configu- 
ration, it is the a-alkyl substituent (shown for methyl in Fig. 1) 
which must be oriented toward this residue. The results sug- 
gest that, for PKA, an unfavorable steric interaction may take 
place in the latter case. This interaction could preclude phos- 
phoryl transfer by interfering with the ability of the hydroxyl 
moiety to assume the requisite orientation in the active site. 
Since an active site threonine moiety (corresponding to Thr-201 
in PKA) is also present in PKC, we fully expected PKC to 
exhibit the same pronounced substrate stereospecificity dis- 
played by PKA. However, from Table IV it is clear that this is 
not the case. Although compounds 19 and 20 are significantly 
weaker substrates than their stereoisomer^ counterparts (11 
and 16, respectively), the activities of peptides 21 and 22 ap- 
proach those exhibited by their corresponding analogs (13 and 
15, respectively). We examined this relative lack of stereo- 
chemical preference in greater detail with the peptide pair 
Leu-Arg-Arg-Arg-Arg-Phe-(S-benzyl-D-cysteinol) (15) and Leu- 
Arg-Arg-Arg-Arg-Phe-(S-benzyl-L-cysteinol) (22). A time-de- 
pendent PKC-catalyzed phosphorylation of these compounds 
was performed, and as expected, alcohol 15 was phosphory- 
lated somewhat more rapidly than its stereoisomeric counter- 
part (22) (data not shown). This is consistent with the relative 
K m and V max values obtained for these substrates. Further- 
more, since PKC and PKA are known to exhibit overlapping 
(but not identical) sequence specificities (39), we examined the 
ability of Leu-Arg-Arg-Arg-Arg-Phe-(S-ben2yl-D-cysteinol) (i.e. 
15) to serve as a substrate for the latter. Indeed, this peptide is 
an excellent PKA substrate (K m = 19.5 ± 1.6 um and V mex = 5.14 
± 0.04 umol/min-mg). In contrast, PKA failed to phosphorylate 
the isomeric L-cysteinol peptide to any significant extent. These 
results are consistent with our previous observations (8, 37-38) 
that the cAMP-dependent protein kinase exhibits a strict sub- 
strate specificity with respect to the a-center stereochemistry of 
the alcohol-bearing residue and, furthermore, demonstrates 
that this facet of active site specificity is dramatically different 
for PKC. The structural basis for the "dual specificity" of PKC 
is, at present, unclear. Since the sequence homology is very 
high among serine/threonine-specific protein kinases within 
the catalytic core, it has been generally assumed that the cor- 
responding three-dimensional active site architecture would be 
strongly conserved as well. One obvious interpretation of these 
results is that there exists some catalytically significant struc- 
tural differences at or near the active site regions in these 
enzymes. For example, we previously alluded to the possibility 
that Thr-201 may be responsible for the unequivocal substrate 
stereospecificity exhibited by PKA. Although this residue is 
conserved in PKC as well, it may be that its three-dimensional 
orientation in the active site has been subtly altered relative to 



PKA such that residues containing the inverted a-configuration 
can bind in the conformation required for phosphoryl transfer 
(Fig. 2a). An alternative explanation may be related the fact 
that basic residues, on either the N- or C-terminal side of the 
site of phosphorylation, will promote the efficacy of PKC sub- 
strates. For example, Ferrari et al. (29) have shown that Gly- 
Ser-Arg-Arg-Arg will act as a substrate for PKC. Consequently, 
it is possible that the peptides from Table IV are coordinating 
to the enzyme, not in the expected fashion (Fig. 2a), but rather 
in the opposite sense (Fig. 26). In the latter case, the residue at 
the phosphorylation site is now presented to the enzyme in the 
"allowed" stereochemical fashion. However, it is important to 
realize that since the peptide is running from the C to the N 
terminus in Fig. 2b, the stereochemistry at the or- position of the 
other residues in the peptide is now oriented in a manner 
analogous to that present in D-amino acids. Although experi- 
ments are currently in progress to address these possibilities, 
the salient feature is that the results from Table IV imply a 
novel approach to the selective inactivation of PKC. Since PKC 
recognizes both configurations at the a-center, whereas PKA 
can only process the configuration corresponding to that pre- 
sent in L-amino acids, it should be possible to design PKC- 
selective inhibitors by employing residues containing an a-ste- 
reochemistry (i.e. corresponding to D-amino acids) that cannot 
be accommodated by PKA, 

In addition to the effect of the a-configuration on the efficacy 
of PKC substrates, we also examined what influence, if any, the 
stereochemistry at the ^-center has on phosphoryl transfer. We 
have previously demonstrated that although PKA will phos- 
phorylate secondary alcohols, the absolute configuration at the 
0-carbon must correspond to that present in threonine in order 
for phosphorylation to transpire (8). An analysis of PKA active 
site structure suggests that an alkyl substituent, positioned on 
the 0 carbon in a catalytically inappropriate configuration, may 
experience deleterious steric interactions with the active site 
residues Ser-53 and Phe-54 (Fig. 3). The latter residues are 
conserved in PKC as well (5). In order to address the 0-stereo- 
center preferences of PKC, we prepared the peptides 23 and 24. 
The former contains the same stereochemistry as that located 
at the 0-position in threonine, whereas the latter possesses the 
configuration which corresponds to that in a//o- threonine. Al- 
though the K m for 23 is not dramatically different from that 
obtained for 6, there is more than an order of magnitude loss in 
terms of (Table V). With respect to catalytic efficiency (Le. 
k^JK m \ the secondary alcohol-containing species is a 20-fold 
poorer substrate that its primary alcohol-bearing counterpart. 
This is not entirely unexpected since Kemp and his colleagues 
( 19) have demonstrated previously that replacement of the ser- 
ine residue in Pro-Leu-Ser-Arg-Thr-Leu-Ser-Val-Ala-Ala-am- 
ide with a threonine moiety reduces the catalytic potency of the 
peptide substrate. However, in the latter case, it is the K m 
which is affected (a 4-fold increase for the threonine substrate), 
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8 23 

Pig. 4. Proposed unfavorable steric interactions between 
0-substituents of the substrate and Phe-187 in the active site of 
the cAMP-dependent protein kinase. Peptide 8 serves as an effi- 
cient PKA substrate, whereas the k c JK m for 23 is 35-fold lower. The 
latter may be a consequence of disruptive steric interactions between 
the 0*methyl substituent in the latter and the active site Phe-187 resi- 
due. Presumably, such an interaction interferes, to some extent, with 
the requisite active site conformation necessary for enzyme-catalyzed 
phosphoryl transfer. Peptide = Gly-Arg-Thr-Gly-Arg-Arg-Asn-. 

whereas the of both peptides are essentially identical. 
Consequently, it is likely that the ability of PKC to accommo- 
date and subsequently phosphorylate a secondary alcohol is 
determined by the primary sequence of the peptide substrate. 
In addition, the position {i.e. C terminus versus an internal site) 
of the phosphorylatable residue may also influence the kinetics 
of phosphorylation. The relatively poor efficacy of secondary 
alcohols as substrates has also been observed with PKA. For 
example, 8 exhibits a k eB JK m 35-fold larger than that displayed 
by 23 (8). The tertiary structure of PKA suggests that the active 
site residue, Phe-187, may be the culprit responsible for the 
less efficient behavior of secondary alcohols (Fig. 4). The amino 
acid which occupies this position in PKC is methionine. Al- 
though it is tempting to ascribe an analogous active site inter- 
action with this residue, the differing active site substrate 
specificities of PKA and PKC suggests that there are likely to 
be differences in active site architecture between these two 
enzymes as well. Consequently, such comparisons between 
even closely related enzyme species, must be viewed with cau- 
tion. Finally, unlike PKA, PKC is apparently able to also phos- 
phorylate 24, which contains the inverted stereochemistry at 
the 0-site. However, this compound is processed very slowly, 
exhibiting a V max of only 28 nmol/min-mg. 

In summary, we have evaluated the active site substrate 
specificity of protein kinase C. From the results of our previous 
work with the cAMP-dependent protein kinase, it is now clear 
that the active site specificities of protein kinases are not nec- 
essarily identical. Although both enzymes only utilize serine 
and threonine residues as substrates in proteins, PKA and PKC 
exhibit differing specificities with respect to non-amino acid 
residues. Most notable is the ability of PKC to catalyze the 
phosphorylation of both a -center configurational isomers in the 
peptide pairs 11/19, 13/21, 15/22, and 16/20. In contrast, the 
specificity requirements of PKA are limited to substrates that 
contain the a-configuration corresponding to that present in 
L-serine. These results are notable for two reasons. First, since 
the primary sequence homologies are very high in the catalytic 
core among the members of the protein kinase family, it has 
been generally assumed that the three-dimensional active site 
architecture would also be highly conserved. Our results sug- 
gest that, although this is still likely to be the case, there may 
exist some subtle, yet catalytically significant, structural dif- 
ferences at or near the active site regions in these enzymes. 
Second, PKA and PKC do exhibit some overlapping substrate 
sequence specificities. Consequently, there is cause for some 



anxiety concerning the ability to target peptide-based inhibi- 
tors specifically against PKC (however, see Ref. 39). However, it 
should now be possible to create inhibitors (e.g. transition state 
analogs, mechanism-based inhibitors, etc.) that are not di- 
rected against PKA by simply employing residues whose a-con- 
figuration is not recognized by this enzyme (Le. the substrates 
of T&ble IV). These experiments are in progress. 
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Protein kinase casein kinase-2 (CK2) is a spontaneously 
active, ubiquitous, and pleiotropic enzyme that phospho- 
rylates seryl/threonyl residues specified by multiple neg- 
atively charged side chains, the one at position n + 3 
being of crucial importance (minimum consensus SfT-x- 
*-iyD/S(P)/T(P). Recently CK2 has been reported to cat- 
alyze phosphorylation of the yeast nucleolar immu- 
nophilin Fpr3 at a tyrosyl residue (Tyr 184 ) fulfilling the 
consensus sequence of Ser/Thr substrates (Wilson, L.K., 
Dhillon, N., Thorner, J., and Martin, G.S. (1997) J. Biol 
Chem. 272, 12961-12967). Here we show that, by contrast 
to other tyrosyl peptides fulfilling the consensus se- 
quence for CK2, a peptide reproducing the sequence 
around Fpr3 Tyr 184 (DEDADIY 184 DEEDYDL) is phospho- 
rylated by CK2, albeit with much higher K m (384 versus 
4.3 /xm) and lower V max (8.4 versus 1,132 nmolmin -1 - 
mg" 1 ) than its derivative with Tyr 184 replaced by serine. 
The replacement of Asp at position n + 1 with alanine 
and, to a lesser extent, of lie at n — 1 with Asp are 
especially detrimental to tyrosine phosphorylation as 
compared with serine phosphorylation, which is actu- 
ally stimulated by the He to Asp modification. In con- 
trast the replacement of Glu at n + 3 with alanine almost 
suppresses serine phosphorylation but not tyrosine 
phosphorylation. It can be concluded that CK2 is capa- 
ble to phosphorylate, under special circumstances, ty- 
rosyl residues, which are specified by structural fea- 
tures partially different from those that optimize Ser/ 
Thr phosphorylation. 



Protein kinase CK2 1 (also termed "casein kinase-2 or IF) is a 
ubiquitous Ser/Thr-specific protein kinase, essential for cell 
viability, independent of second messengers or phosphorylation 
for activation, generally composed of two catalytic (a and/or a') 
and two noncatalytic /3 subunits and implicated in cell prolif- 
eration and transformation (for review, see Refs. 1-5). The 
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elucidation of the crystal structure of CK2 a subunit from Zea 
mays, 10% identical to its human counterpart (6), has disclosed 
the structural features that account for some unusual proper- 
ties of this kinase, notably high basal activity and ability to use 
GTP, besides ATP as phosphate donor. 

Another striking feature of CK2 is its terrific pleiotropy. The 
list of its substrates includes more than 160 proteins, many of 
which are implicated in signal transduction, gene expression, 
protein synthesis, and cell division and proliferation. Consist- 
ent with this wide spectrum of physiological targets is the 
subcellular localization of CK2, which is found in nearly all the 
subcellular compartments, including the outer side of the 
plasma membrane (7) and with the possible exception of the 
Golgi apparatus (8), although it is especially abundant in nu- 
clei (9) and in the soluble cytosol (2). A common denominator of 
CK2 substrates is the presence of highly acidic phosphoaccep- 
tor sites in them, almost invariably fulfilling the consensus 
S/T-jc-x-E/D, but generally including several additional nega- 
tively charged side chains (either carboxylic or phosphorylated 
residues) in addition to or, in few instances, instead of the 
crucial one at position n + 3 (10). The requirement of these 
acidic clusters for optimal phosphorylation efficiency has been 
clearly outlined by systematic studies with peptide substrates 
(11-14), and a number of unique basic residues responsible for 
the binding of individual specificity determinants (with special 
reference to those at positions n + 3 and n + 1) have been 
identified by site-directed mutagenesis of CK2a (15-17). In the 
course of these studies on CK2 specificity, some clues were 
provided that tyrosyl residues might bind to the active site 
instead of serine and threonine; thus random polymers includ- 
ing tyrosine and glutamic acid are much more powerful inhib- 
itors than just poly-Glu (18) and pseudosubstrate peptides in 
which tyrosine has been replaced for serine inhibit CK2 more 
efficiently than their counterparts where serine had been re- 
placed by alanine (1). Consequently the peptide EEEEEY- 
EEEEEEE is a powerful inhibitor (19) whose binding to CK2 is 
closely reminiscent to that of a canonical substrate (20). Nei- 
ther in the case of this peptide nor in that of poly(Glu 4 Tyr), 
however, could any significant phosphorylation of tyrosine be 
detected, supporting the view that CK2 is a bona fide Ser/Thr- 
specific protein kinase unable to catalyze phosphate transfer to 
tyrosyl resides once these are bound in its active site. 

Recently, however, a yeast nucleolar protein, immunophilin 
Fpr3, has been found to be tyrosine-phosphorylated (21), al- 
though in Saccharomyces cerevisiae bona fide tyrosine kinases 
are lacking (22); the kinase responsible for this event was 
shown to be CK2 (23). The tyrosyl residue phosphorylated in 
Fpr3 either in vivo or in vitro by CK2 (Tyr 184 ) is embedded in 
a very acidic cluster (DEDEDADIYDSEDYD) and fulfills the 
optimal sequence for CK2 phosphorylation for including in 
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addition to the crucial acidic determinant at n + 3 several other 
acidic residues nearby. Consequently a peptide substrate re- 
producing this sequence was also phosphorylated by CK2 at 
Tyr 184 . Such a phosphorylation was improved by previous 
phosphorylation of the seryl residue at position n + 2 or by its 
replacement with a glutamic acid, suggesting that in this spe- 
cial case the determinant at position n + 2 might play a 
relevant role. The relevance of the other residues nearby, how- 
ever, was not assessed nor was the phosphorylation of the tyrosyl 
peptide compared with that of canonical seryl peptide substrates 
of CK2. Here we show that the phosphorylation efficiency of the 
Fpr3 tyrosyl peptide is very low compared with that of its seryl 
counterpart, both in terms of V niax and K m and depending on 
structural features that are partially distinct from those deter- 
mining the phosphorylation of canonical substrates. 

EXPERIMENTAL PROCEDURES 

Materials — DEAE-cellulose filters (NA45) were from Schleicher & 
Schuell. P81 phosphocellulose papers were from Whatman. [y- 32 P]ATP 
(3,000 Ci/mmol) was purchased from Amersham Pharmacia Biotech. All 
other reagents were from Sigma. Native CK2 was purified from rat liver 
cytosol as described previously (24). Recombinant forms of CK2 either 
wild type or its mutants defective in substrate recognition were ob- 
tained as described elsewhere (16). 

Synthetic Peptides— The tyrosyl peptides DEDADIYDEEDYDL, 
DEDADIYDS(p)EDYDL, DEDADIYAEEDYDL, DEDADIYDAEDYDL, 
DEDADIYDEADYDL, DEDADDYDEEDYDL, DEDADIFDEEDYDL, 
and RRRADDYDDDDD as well as their seryl analogues DEDA- 
DISDEEDYDL, DEDADISAEEDYDL, DEDADISDEADYDL, and 
DEDADDSDEEDYDL were synthesized by an automated peptide syn- 
thesizer ABI 431-A (Applied Biosystems) on 4-hydroxymethyl-phe- 
noxymethylcopolystirene-1% divinyl benzene resin (1.04 mmol/g). The 
synthesis of the peptides EEEEEYEEEEEEE and PEGDYEEELE was 
described previously (19, 25). The synthesizer was equipped for using 
Fmoc chemistry (26) and 2-(lH-benzotriazole-l-yl)-l, 1,1,3,3 tetram- 
ethyluronium hexafluorophosphate/A^-hydroxybenzotriazole protocol 
(27) in a 0.05 mmol scale. 

The incorporation of phosphate into the Ser residue has been per- 
formed according to a building block approach using Fraoc-Ser(PO(ben- 
zyl))OH (from Novabiochem) during the synthesis. 

Cleavage of peptides from the resin and side chain deprotection was 
carried out by treatment of the peptidyl resin with trifluoroacetic acid/ 
anisole/ethanedithiol/ethylmethylsulfide (95:3:1:1). In the presence of 
the benzyl protecting group on phosphoserine a mixture of trifluoroace- 
tic acid /triisopropylsilane/water (95:2.5:2.5) was preferred. 

The crude peptides were purified by high-performance liquid chro- 
matography (HPLC) on a preparative reverse phase column Prep Nova- 
Pak HR C18, 6 /xm, 25 x 10 mm (Waters). The analytical HPLC and 
matrix-assisted laser desorption ionizati on/time of flight mass spec- 
trometry analysis of the purified peptides showed a correct sequence 
and a Sr95% purity. 

Phosphorylation Assay — Synthetic peptide substrates (0.5 mM) were 
phosphorylated by incubation in a medium (25 /xl final volume) con- 
taining 50 mM Tris-HCl buffer, pH 7.5, 10 mM MgCl 2 , 50 mM KC1, and 
100 /jlm l7- 32 PJATP (specific radioactivity 500-1,000 cpm/pmol) unless 
otherwise indicated. The reaction was started with the addition of the 
enzyme (0.23 /ig of either native or recombinant CK2) and stopped by 
the addition of 10 /il of 0.25 m EDTA and cooling in ice. Phosphorylation 
of Fpr3 -derived synthetic peptides was evaluated according to the pro- 
cedure described by Wilson et al. (23) by using DEAE-cellulose filters. 
Phosphorylation of RRRADDSDDDDD and of its tyrosyl derivative was 
quantitated by the phosphocellulose paper procedure (28). Control ex- 
periments were also performed with both types of peptides by deter- 
mining phosphate incorporation after conversion of [y-^PlATP into Pj 
and phosphomolybdic complex extraction as described previously (29), 

HPLC Separation of Tyrosine-phosphorylated Fpr3 Peptide — The 
peptide DEDADIYDEEDYDL, previously phosphorylated by CK2 as 
described above, was loaded onto a SuperPac Pep-S (Amersham Phar- 
macia Biotech) C2/18 (5 /im) column (4.6 X 250 mm). Elution was 
carried out at a flow rate of 1 ml/min with a gradient of acetonitrile 
in 0.08% trifluoroacetic acid from 0 to 40% for 30 min and then from 
40 to 100% for 10 min. The effluent was monitored by absorbance 
measurements at 220 nm. The radioactivity of the fractions collected 
(1 ml) was determined by counting in a liquid scintillation apparatus 
(Canberra-Packard). 
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Fig. 1. Time course phosphorylation of seryl peptides and 
their tyrosyl counterparts by CK2. Phosphorylation was performed 
for the times indicated and evaluated as described under "Experimental 
Procedures." The concentrations of ATP and of peptide substrates were 
0.2 mM and 0,5 mM, respectively. 

Molecular Modeling — Calculations were made on an Indy R4000 
(Silicon Graphics) workstation. For human CK2a subunit modeling, the 
crystal structure of Zea mays CK2or was used (Protein Data Bank 
number 1A60). The two sequences were aligned using the Insight II 
package (Molecular Simulation Inc.) with the protein homology tools. 
For elaboration of the model of human CK2a, the program Modeler (30) 
was used. Five structures were obtained from Modeler, and the one with 
the highest structural homology with respect to maize CK2a was used 
further. The backbone of the central part of the Fpr3 peptide (DIYDEE) 
has been shaped using as a template the equivalent sequence of protein 
kinase inhibitor bound to the catalytic subunit of PKA (Protein Data 
Bank number latp). The peptide was manually placed in CK2ot cata- 
lytic pocket avoiding physical interference with residues of the kinase. 
The obtained structure was minimized using the Discover module of 
Insight II package until the energy reached a minimum. 

RESULTS 

The time courses for CK2-catalyzed phosphorylation of the 
Fpr3 peptide with Glu at position n + 2 relative to Tyr 184 
instead of serine and of its derivative where Tyr 184 was re- 
placed by serine are compared in Fig. 1A. It can be seen that 
the phosphorylation of the tyrosyl peptide is negligible as com- 
pared with that of its seryl counterpart, especially after short 
incubation times. By prolonging incubation the phosphoryla- 
tion of the seryl peptide reaches a plateau when ATP is nearly 
exhausted, whereas the phosphorylation of the tyrosyl peptide 
slowly increases up to 2 h of incubation. By increasing ATP 
concentration (1 mM) over that of the peptides (0.5 mM) a 
stoichiometric phosphorylation of the seryl peptide was at- 
tained after 30 min of incubation, whereas the phosphorylation 
of the tyrosyl peptide was still far from stoichiometric (around 
0.03 mol/mol) after 2 h (not shown). Albeit slow, the phospho- 
rylation of the Fpr3 tyrosyl peptide was quite significant espe- 
cially if compared with that of another tyrosyl peptide featured 
after the optimal peptide substrate routinely used for assaying 
CK2 (Fig. LB). In this case, no detectable phosphorylation of the 
tyrosyl peptide could be observed, although that of its seryl coun- 
terpart was even faster than that of the seryl derivative of the 
Fpr3 peptide. The stoichiometry of the Fpr3 tyrosyl peptide phos- 
phorylation was confirmed by HPLC where the phosphoderiva- 
tive can be resolved from the nonphosphorylated peptide (Fig. 2), 
thus allowing their relative quantitation (-3% versus 97%). 

The suspicion that tyrosine phosphorylation in the Fpr3 
peptide might rely on structural features different from those 
determining serine phosphorylation was corroborated by the 
finding that two other tyrosyl peptides, in addition to RRRAD- 
DYDDDDD, namely EEEEEYEEEEEEE and PEGDYEEELE, 
are totally unaffected by CK2 despite the fact that they fulfill 
optimal conditions for Ser/Thr phosphorylation (see Table I). 

To shed light on the uncommon phosphorylation of tyrosine 
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Fig. 2. HPLC separation of tyrosine-phosphorylated and un- 
phosphorylated forms of the Fpr3-derived peptide DEDADIY- 
DEEDYDL. The peptide was phosphorylated by CK2 for 90 min as 
described under "Experimental Procedures" and directly subjected to 
HPLC analysis. The absorbance at 220 nm (A) and the radioactivity 
incorporated IB) are shown. The arrows denote the position of the 
phosphorylated (left) and unphosphorylated (right) peptide, respectively. 

Table I 

Kinetic constants for the phosphorylation of tyrosyl and 
seryl peptides by CK2 
Phosphorylation conditions and evaluation of phosphate incorporated 
are described under "Experimental Procedures." The data are the mean 
of at least three independent experiments with standard errors not 
exceeding 10%. Substituted residues relative to the reference peptide 
are in bold type. The residue phosphorylated is underlined. 



Peptide 


v 

r max 


K M 






nmoUmintmg 


fJM 




DEDADIYDEEDYDL 


8.4 


384 


0.0218 


DEDADIYDSpEDYDL 


20,7 


370 


0.0559 


DEDADIYDEADYDL 


8.4 


729 


0.0115 


DEDADIYDAEDYDL 


8.4 


740 


0.0113 


DEDADIYAEEDYDL 


0.5 


787 


0.0006 


DEDADDYDEEDYDL 


2.1 


166 


0.0126 


DEDADIFDEEDYDL 


ND° 


ND 




EEEEEYEEEEEEE 


ND 


ND 




PEGDYEEELE 


ND 


ND 




DEDADISDEEDYDL 


1132 


4.3 


263.2558 


DEDADDSDEEDYDL 


1311 


4.0 


327.7500 


DEDADISAEEDYDL 


586 


66.0 


8.8787 


DEDADISDEADYDL 


394 


125.0 


3.1520 



a ND = not determined due to undetectable phosphorylation. 

in the Frp3 peptide a number of derivatives with individual 
substitutions were synthesized and compared with the parent 
peptide. This latter includes a glutamic acid at position n + 3, 
which is the main determinant for CK2 recognition (13) and an 
aspartic acid at position n + 1 where also an acidic residue is 
very important (17). Position n + 2 is occupied in the wild type 
peptide by a serine, whose primary phosphorylation by CK2 is 
believed to improve subsequent phosphorylation of tyrosine, 
because its replacement by alanine, but not by glutamic acid, 
was detrimental (23); thus it appeared that a negatively 
charged side chain at n + 2, a position rather unimportant for 
serine phosphorylation (13), might be crucial for tyrosine 
phoshorylation. In contrast, position n - 1 in the Fpr3 site is 




DEDADIYDSpEDYDL 

DEDADIYDEEDYDL 
DEDADIYDAEDYDL 

DEDADIYDEADYDL 

DEDADDYDEEDYDL 

DEDADIYAEEDYDL 
DEDADIEDEEDYDL 



120 



time (min) 



Fig. 3. Effect of amino acid substitutions on the phosphoryla- 
tion of the Fpr3 tyrosyl peptide by CK2. All peptides tested were 
0.5 mM. Phosphorylation conditions and evaluation of the phosphate 
incorporated were performed as described under "Experimental Proce- 
dures." Substitutions relative to the reference peptide (DEDADIY- 
DEEDYDL) are bold type. The phosphorylated tyrosine is underlined. 

occupied by isoleucine, a rare feature in CK2 sites, where an 
acidic residue was shown to be preferred and is actually found 
in about 50% of the natural substrates (10). We therefore 
decided to check how much the substitution of this He by Asp, 
of Asp ( + 1) by Ala, of Glu (+2) by Ala or phosphoserine, and of 
Glu (+3) by Ala might affect phosphorylation by CK2. As 
shown by the time courses in Fig. 3, the most detrimental 
substitution (a part of Tyr 184 , confirming that this one and not 
the other tyrosine, Tyr 189 undergoes phosphorylation) is that of 
alanine instead of glutamic acid at n + 1, followed by aspartic 
acid instead of isoleucine at n - 1, whereas the replacement of 
the most important acidic determinant in canonical CK2 sub- 
strates, i.e. Glu at n + 3, by alanine is in this case much better 
tolerated. In contrast to a previous report (23), the replacement 
of Glu at n + 2 by alanine has no effect, whereas a phospho- 
serine in this position significantly improves phosphorylation 
(Fig. 3). As shown in Table I, the differences in phosphorylation 
outlined by the time courses of Fig. 3 are variably accounted for 
by changes in and/or K m . Especially remarkable is the 
drop in phosphorylation efficiency due to both a dramatic de- 
crease of V max and an increase of K m promoted by the Ala for 
Asp substitution at n + 1. In comparison, the effect of a similar 
substitution at the "crucial" n + 3 position, due to just a 2-fold 
increase in K m , is negligible. The detrimental effect of replacing 
lie at n - 1 with Asp (see Fig, 3), appears to be be exclusively 
due to a drop in V max (Table I). 

Table I also highlights the striking superiority of the seryl 
derivative of the Fpr3 peptide over the tyrosyl peptide both in 
terms of (> 130-fold higher) and of K m (almost 90-fold 
lower), and it corroborates the view that the specificity deter- 
minants are different with the two peptides. In fact the replace- 
ment of lie at n - 1 by Asp, far from being detrimental, is 
actually improving the phosphorylation efficiency of the seryl 
derivative and the replacement at position n + 3 is more 
detrimental than that at n + 1. 

The particularly crucial role of the acidic determinant at 
position n + 1 as opposed to that at position n + 3 in deter- 
mining tyrosine phosphorylation was also confirmed by exper- 
iments with CK2 mutants, which are defective in the recogni- 
tion of individual determinants. As shown in Fig. 4, mutant 
K198A with reduced ability to bind the determinant at position 
+ 1 (17) is much more defective toward the tyrosyl peptide than 
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wild type K198A K74-77A 

Fig. 4. Phosphorylation of tyrosyl versus seryl Fpr3-derived 
peptides by wild type CK2 and CK2 mutants defective in sub- 
strate recognition. 0.23 ixg of either wild type or mutated CK2 were 
incubated at 37 °C in the presence of 0.12 mM DEDADISDEEDYDL 
{solid bars) or 1.2 mM DEDADIYDEEDYDL (empty bars) Ppr3 deriva- 
tives for 5 and 40 min, respectively, and 32 P incorporated was deter- 
mined as described under "Experimental Procedures." CK2 activity is 
expressed as percentage of the activity measured with CK2 wild type, 
which was 271 and 38 pmol for the seryl and the tyrosyl peptide, 
respectively. 

it is toward its seryl derivative. The opposite applies to another 
mutant, K74A/K77A, which is unable to recognize the determi- 
nant at n + 3 (16). 

To gain further information about the mode of binding of 
Tyr 184 -containing peptides to CK2 active site a modelization 
analysis has been performed using as a template a structure of 
human CK2a derived from 70% identical maize CK2a crystal- 
lized in the absence of phosphoacceptor substrate (6). The cen- 
tral part of the parent Fpr3 peptide (-DIY 184 DEE-) shaped after 
the pseudo-substrate peptide bound to the catalytic subunit of 
PKA (31) has been placed into the active site of CK2a. After 
energy minimization, a model was obtained (Fig. 5) that is 
largely consistent with experimental observations. It should be 
noted in particular that the tyrosyl residue protrudes into the 
active site with its hydroxyl group in the proximity of two 
crucial elements of catalysis, namely the catalytic base Asp 156 
(homologous to PKA Asp 166 ) and Lys 158 , homologous to PKA 
Lys 168 believed to bridge the phosphate to the peptide during 
the catalytic event (32). The distances between the phosphoac- 
ceptor hydroxyl group of tyrosine and either Asp 156 (2.67 A) or 
Lys 158 (2.89 A) are comparable with those found in the complex 
between PKA and a seryl peptide substrate (2.7 and 3.0 A, 
respectively) (32). The only evident interaction with peptide 
substrate side chains is the one between the carboxylate of 
aspartate at position n + 1 and positively charged groups in the 
loop p + 1 (Lys 195 and Lys 198 ). In contrast, the side chain of 
glutamate at position n + 3 is far away from the 74-77 basic 
cluster, which is responsible for tight interaction with the n + 
3 determinant of seryl peptides (17), This is also in agreement 
with the relatively modest effect of replacing Glu in + 3) as 
compared with the dramatic drop of efficiency promoted by Asp 
(n + 1) substitution (see Table I). In our model, the side chain 
of He {n - 1) protrudes outside the surface of the kinase. This, 
however, is likely to be an artifact of modelization where the 
water surrounding CK2a, expected to repel the hydrophobic 
side chain of isoleucine, is not considered. 

It should be finally outlined that the Tyr versus Ser/Thr 
specificity of CK2 appears not to be affected by a number of 
effectors and/or experimental conditions, which are known to 



impinge on CK2 activity. In particular CK2 catalytic activity 
toward the Frp3 tyrosyl and seryl peptides is equally stimu- 
lated by association with the /3 subunit (about 3-fold) and by 
addition of 336 iim polylysine to the holoenzyme (about 2-fold) 
and displays similar activation curves by either Mg 2 * or Mn 2+ . 
With both peptides, GTP can replace ATP as phosphate donor 
and the K m with respect to ATP (33 jxm) is not modified by 
replacing one peptide with the other (data not shown). 

DISCUSSION 

Nearly all members of the huge eukaryotic protein kinase 
family fall into two categories, Ser/Thr- and Tyr-specific en- 
zymes, respectively (33). In most instances the borderline be- 
tween these two groups, empirically drawn using substrates of 
the two sorts, is quite sharp and clear-cut, being also based on 
differences in primary structure motifs (34). In a few instances, 
however, protein kinases may display a dual specificity in that 
they are able to phosphorylate both Ser/Thr and Tyr residues 
(35). The only known sensu stricto dual specificity protein ki- 
nases are probably those of the mitogen-activated protein ki- 
nase kinase family, which are highly dedicated kinases that 
catalyze the simultaneous phosphorylation of both Thr and Tyr 
in a conserved sequence, T-oc-Y present in the activation loop of 
mitogen-activated protein kinases. In several instances, how- 
ever, bona fide Ser/Thr protein kinases have been reported to 
display tyrosine kinase activity as well under certain circum- 
stances, detectable either as autophosphorylation or toward 
trans substrates. In general the latter is negligible compared 
with that observed toward canonical Ser/Thr sites. The list of 
these Ser/Thr kinases exhibiting low Tyr kinase activity as well 
includes among others phosphorylase kinase (36), calcium-cal- 
modulin-dependent protein kinase II and Spkl (37), CK1 (38, 
39), CK2 (40), and even PKA (37). Conversely it should be noted 
that also a classical tyrosine kinase like Src can phosphorylate 
aliphatic as well as aromatic alcohols in a stretch of peptide 
(41). It is likely therefore that in several instances this hardly 
detectable "dual" specificity of bona fide Ser/Thr protein ki- 
nases is a mechanistic curiosity devoid of practical conse- 
quences. That this may not always be the case, however, is 
supported by the observation that in lower eukaryotes, like 
yeast, where bona fide tyrosine kinases are absent, tyrosine- 
specific protein phosphatases are nevertheless present (22), 
and tyrosine phosphorylation of proteins other than kinases of 
the mitogen-activated protein kinase family has been reported 
to take place. It is tempting therefore to assume that tyrosine 
phosphorylation by bona fide Ser/Thr kinases is a physiologi- 
cally relevant event in these cases. 

A notable example of this situation is provided by immu- 
nophilin Fpr3, an abundant nucleolar protein, a member of the 
FK506-binding subfamily of immunophilins (42), which is a 
substrate of S. cerevisiae protein-tyrosine phosphatase Ptpl. 
Phosphotyrosine dephosphorylation by Ptpl prevents nucleo- 
lar accumulation of Fpr3 in vivo (21). The tyrosyl residue 
phosphorylated in Fpr3 was identified as Tyr 184 , residing in a 
highly acidic sequence fulfilling optimal conditions for CK2 
catalyzed phosphorylation, and indeed CK2 was shown to be 
responsible for Tyr phosphorylation of Fpr3 and to be able to 
phosphorylate in vitro a tyrosyl peptide reproducing the se- 
quence around Tyr 184 (23). This observation would include CK2 
in the growing list of sensu lato dual specificity protein kinases, 
despite the previous failure to demonstrate any activity of CK2 
toward tyrosyl peptides fulfilling its consensus sequence. This 
prompted us to undertake a study of the structural features 
underlying tyrosine phosphorylation by CK2 and to compare 
this activity with that toward canonical Ser/Thr substrates. 
The main outcomes of this investigation are the following. 

1) The phosphorylation of Fpr3-derived tyrosyl peptide, al- 
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Fig. 5. Modelization of Fpr3-derived 181-188 tyrosyl peptide bound to the catalytic site of human CK2a. Drawn from human CK2a 
modeling based on the crystal structure of maize CK2a (see "Experimental Procedures"). The peptide is shown in green, and the CK2a elements 
in light blue. The peptide residues are indicated according to their position relative to the phosphorylatable tyrosine (Tyr 184 of Fpr3). Distances 
between key residues at active site and peptide residues were as follows: Asp 156 to substrate Tyr-OH, 2.67 A; Lys lfie to substrate Tyr-OH, 2.89 A; 
Lys 198 to side chain carboxylate of substrate Asp (n + 1), 4.11 A; Arg 195 to side chain carboxylate of substrate Asp (n + 1), 2.46 A. 



beit quite significant, is negligible compared with that of an 
identical peptide where tyrosine is replaced by serine. This 
shows that even in this case serine is by far preferred over 
tyrosine by CK2. The superiority of the seryl peptide is due to 
both much lower K m and much higher V majr The low V max of the 
tyrosyl peptide suggests that its phosphorylated product leaves 
the active site of the kinase very slowly, a situation that could 
give rise to remarkable product inhibition. Also, consistent 
with this interpretation would be the low phosphorylation stoi- 
chiometry of the tyrosyl peptide «5%). It is possible that in 
vivo the kinetics of Tyr 184 phosphorylation are improved either 
by features intrinsic to the full-length Fpr3 protein conforma- 
tion or by the fast translocation of phospho-Fpr3 to separate 
compartment(s). In this respect a comparison between the ki- 
netic constants of Tyr 184 peptides and those of full-length Fpr3 
would be misleading since Tyr 184 is just a minor Fpr3 phos- 
phoacceptor site (23); consequently the parameters calculated 
with Fpr3 would mainly reflect the phosphorylation of residues 
other than Tyr 184 . It is worth noting, however, that a signifi- 
cant phosphorylation of Tyr 184 by CK2 is observable under 
conditions where GST-Fpr3 is about 1 piM (23), although at this 
concentration the phosphorylation of the best peptide sub- 
strate, whose K m is 370 /llm, would be flatly undetectable. It is 
likely therefore that indeed the phosphorylation efficiency of 
Tyr 184 is improved by features that are lacking in the peptides 
used in our study. On the other hand the reason for the dis- 
crepancy between our data and that reported by Wilson et al. 



(23) where a 1 to 1 phosphorylation stoichiometry of the same 
peptide is reported to occur after less than 2 h of incubation 
with recombinant human CK2, is not clear. It should be noted, 
however, that the stoichiometry reported in that paper is not 
consistent with the experimental conditions used, where ATP 
and the peptide are 100 and 580 ptM, respectively, allowing at 
best a 20% phosphorylation stoichiometry. 

2) CK2 activity ratio toward the tyrosyl versus the seryl 
derivative of the Fpr3 peptide is not significantly affected by 
either the subunit composition of CK2 (catalytic subunit versus 
holoenzyme), or the addition of polycationic stimulators, or the 
nature of the phosphate donor (GTP versus ATP) and of the 
activatory cation (Mn 2+ versus Mg 2+ ). This last outcome is 
worth noting, because in the case of phosphorylase kinase, 
Mn 2+ instead of Mg 2 * is required to see tyrosine-phosphory- 
lating activity (36). 

3) Ability to phosphorylate tyrosine is not a general feature 
of CK2 toward any kind of substrate fulfilling its consensus 
sequence, because the replacement of serine (or threonine) by 
tyrosine in several outstanding peptide substrates of CK2 dif- 
ferent from the Fpr3-derived peptide rendered their phospho- 
rylation undetectable. 

4) Among the local structural determinants favoring tyrosine 
versus serine phosphorylation, the isoleucine at position n - 1 
and the acidic residue at position n + 1 appear to play a 
prominent role. Interestingly, hydrophobic residues are only 
sporadically found in CK2 substrates at position n - 1, where 
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instead acidic residues are quite frequent (10). Consequently 
the replacement of He by Asp at this position in the seryl 
derivative of the Fpr3 peptide increases its phosphorylation 
efficiency, but it is detrimental in the tyrosyl peptide. The 
molecular basis for such an opposite behavior is presently 
unclear. The favorable effect of an acidic residue at position n + 
1, on the other hand, is a well known feature of all CK2 
phosphoacceptor sites, including Ser/Thr (10, 12). In the latter 
case, however, the n + 1 acidic detenninant is generally less 
important than the one at n + 3 (10, 12), whereas the opposite 
applies to the Fpr3 tyrosyl peptide where the replacement of 
the 7i + 3 Glu by alanine is exceptionally well tolerated. Com- 
puter-aided modelization (Fig. 5) corroborates the concept that 
in the case of Fpr3 -derived tyrosyl peptide the acidic determi- 
nant at n + 1 is much more important than the one at n + 3 in 
making contacts with the enzyme. The replacement of gluta- 
mate at n + 2 with phosphoserine improves 2-3-fold the V max 
and phosphorylation efficiency of the peptide, consistent with 
the knowledge that phosphoserine is a better determinant than 
Glu especially at positions n + 1 and n + 2 (14); it is quite 
possible therefore that, as suggested by others (23), the phos- 
phorylation of Fpr3 in vivo is enhanced by a hierarchical effect 
where previous phosphorylation of Ser 186 will improve subse- 
quent phosphorylation of Tyr 184 . The replacement of Glu at n + 
2 with Ala, however, has only a modest effect, similar to that 
caused by the same substitution in canonical seryl peptide 
substrates of CK2 (12). therefore, it seems unlikely that the 
phosphorylation of Tyr 184 in the Fpr3 peptide is entirely de- 
pendent on the presence of a negatively charged side chain at n 
+ 2, as suggested by others (23). The reasons why the same 
peptide, DEDADIYDAEDYDL, which in our hands is nearly as 
gdod as the parent peptide with Glu instead of the underlined 
Ala (see Fig. 3 and Table I), was not phosphorylated at all (23) 
is unclear to us. 

5) The different mode of binding of tyrosyl versus seryl pep- 
tide substrates was also corroborated by experiments with CK2 
mutants with a reduced ability to recognize individual deter- 
minants. Especially remarkable is the behavior of the mutant 
K198A, which is much more defective toward the Fpr3 tyrosyl 
peptide as compared with its seryl derivative. 

In conclusion, CK2 can be legitimately included in the list of 
sensu lato dual specificity protein kinases. Clearly, however, its 
ability to phosphorylate tyrosine in peptide substrates is very 
modest as compared with its canonical Ser/Thr kinase activity 
and, more important, it depends on structural features that are 
partially different from those determining Ser phosphoryla- 
tion. Among these the most striking are the absolute require- 
ment for the acidic determinant at position n + 1 as opposed to 
the tolerance toward the replacement of the one at position n + 
3, and the preference for a hydrophobic over an acidic residue 
at position n — 1. 
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The 0-adrenergic receptor kinase (0ARK) is a member 
of growing family of G protein coupled receptor kinases 
(GRKs). /3ARK and other members of the GRK family 
play a role in the mechanism of agonist-specific desen- 
sitization by virtue of their ability to phosphorylate G 
protein-coupled receptors in an agonist-dependent 
manner. 0ARK activation is known to occur following 
the interaction of the kinase with the agonist-occupied 
form of the receptor substrate and heterotrimeric G pro- 
tein fiy subunits. Recently, lipid regulation of GRK2, 
GRK3, and GRKS have also been described. Using a 
mixed micelle assay, GRK2 Q3ARK1) was found to re- 
quire phospholipid in order to phosphorylate the 0 2 - 
adrenergic receptor. As determined with a nonreceptor 
peptide substrate of J3ARK, catalytic activity of the ki- 
nase increased in the presence of phospholipid without 
a change in the K m for the peptide. Data obtained 
with the heterobifunctional cross-linking agent Af-3- 
[ 125 I]iodo-4-azidophenylpropionamido-S(2-thiopyridyl)- 
cysteine ([ 1Z5 I]ACTP) suggests' that the activation by 
phospholipid was associated with a conformational 
change in the kinase. [ 125 I]ACTP incorporation in- 
creased 2-fold in the presence of crude phosphatidylcho- 
line, and this increase in [ l25 I]ACTP labeling is com- 
pletely blocked by the addition of MgATP. Furthermore, 
proteolytic mapping was consistent with the modifica- 
tion of a distinct site when GRK2 was labeled in the 
presence of phospholipid. While an acidic phospholipid 
specificity was demonstrated using the mixed micelle 
phosphorylation assay, a notable exception was ob- 
served with PIP 2 . In the presence of PIP 2 , kinase activ- 
ity as well as [ 125 I]ACTP labeling was inhibited. These 
data demonstrate the direct regulation of GRK2 activity 
by phospholipids and supports the hypothesis that this 
effect is the result of a conformational change within the 
kinase. 



The molecular mechanisms involved in signal transduction 
of G protein-coupled receptors are best understood in the visual 
system where rhodopsin serves as the "receptor" for light (1) 
and the j3-adrenergic pathway in which the )3-adrenergic recep- 
tor (J3AR) 1 binds catecholamines (2, 3). A feature common to 
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both model systems as well as many other G protein receptors 
is the diminished responsiveness with time to a signal of equal 
intensity. This phenomenon is known as desensitization (4) 
and exhibits both an agonist-specific and nonspecific pattern. 
Rapid, agonist-specific desensitization of rhodopsin and the 
0 2 -adrenergic receptor (j3 2 AR) occurs in response to the phos- 
phorylation of the receptor by the enzymes rhodopsin kinase 
and the j3-adrenergic receptor kinase (0ARK) (5). Rhodopsin 
kinase and /3ARK are members of a family known as G protein- 
coupled receptor kinases (GRKs). A common feature to the 
GRK family of kinases is multi-site phosphorylation of receptor 
substrates in response to agonist occupancy (6). The relation- 
ship between agonist occupancy and receptor phosphorylation 
by GRKs is key to the specificity of the desensitization process, 
while other kinases such as protein kinase A and C play a role 
in nonspecific or heterologous desensitization. Two possible 
mechanisms could explain the enhanced phosphorylation of the 
activated form of. the receptor by kinases of the GRK family. 
First, receptor occupancy may induce a conformational change 
exposing potential phosphorylation sites previously seques- 
tered from the kinase. Alternatively, interaction of the kinase 
with the agonist-bound form of the receptor could result in 
enhanced catalytic activity of the kinase. The bulk of the ex- 
perimental evidence supports the latter hypothesis (7-9). In 
addition to the enhanced catalytic activity of GRKs in the 
presence of agonist-occupied receptor, GRK2 and GRK3 activ- 
ity is also increased by heterotrimeric G protein f$y subunits 
(10-13). The potential for finely controlled desensitization by 
the interplay of receptors and )3y subunits is an exciting possi- 
bility given the evidence for dual regulation of GRK2 and 
GRK3 by these proteins (14). 

While G protein-coupled receptors serve as substrates for the 
kinase after reconstitution into phospholipid vesicles, only re- 
cently has specific lipid requirements for GRKs been described. 
GRK 5 was reported to require phospholipid for maximal cata- 
lytic activity (15). In this case, phospholipid-stimulated auto- 
phosphorylation of GRKS was necessary for phosphorylation of 
the 0 2 AR and rhodopsin. In addition, GRK2 and GRK3 were 
regulated by phospholipids via the interaction with the carbox- 
yl-terminal portion of the kinase known as the pleckstrin ho- 
mology domain (16, 17). In the initial report, the incorporation 
of negatively charged lipids into phospholipid vesicles resulted 
in a physical interaction of GRK2 or GRK3 with the vesicle. 
With the exception of PIP 2 , this resulted in enhance phospho- 
rylation of the human m2 muscarinic acetylcholine receptor. 
The addition of PIP 2 resulted in inhibition of phosphorylation 
of the receptor in a competitive manner with respect to other 
phospholipids. Purified heterotrimeric G protein py subunits 
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were able to reverse this inhibition. Furthermore, the lack of 
additivity suggested a common site of interaction on the kinase 
for the lipids and G protein /3y subunits. This hypothesis was 
further supported by the finding that two previously charac- 
terized G protein fiy subunit binding proteins, phosducin and 
glutathione Stransferase-0ARK (466-689) fusion protein, 
prevented the effects of the phospholipids. In a subsequent 
report, similar effects in terms of PIP 2 -enhanced binding of 
GRK2 to phospholipid vesicles was described. In contrast to the 
previous manuscript, data are presented that demonstrate in- 
creased GRK2 activity when coincubated with both PIP 2 and G 
protein (3y subunits. Additionally, the remaining lipids previ- 
ously reported to increase kinase activity in the absence of j3y 
subunits in this case required the addition of G protein j3y 
subunits to enhance GRK2 activity. The interpretation by 
these authors was that effective membrane localization of 
PARK, which enhanced both the rate and extent of phospho- 
rylation of receptor substrates, required the simultaneous pres- 
ence of two pleckstrin homology domain ligands. 

In this manuscript, we provide evidence of an acidic phos- 
pholipid requirement of GRK2 based on the phosphorylation of 
dodecyl maltoside-solubilized receptors and the direct activa- 
tion of the kinase toward peptide substrates by the addition of 
various phospholipids. Additionally, lipids that failed to en- 
hance kinase activity did not increase labeling of GRK2 with 
the the heterobifunctional reagent [ 125 I]ACTP. Finally, data 
obtained in the absence of G protein /3y subunits agree with the 
original report in which PIP 2 promotes kinase binding to phos- 
pholipid vesicles but inhibits enzymatic activity (16). Thus, we 
provide evidence for catalytic activation as well as a conforma- 
tional change in GRK2 following the interaction of the kinase 
and phospholipid. These data raise the possibility of a third 
level of regulation of GRK2 activity within the cell and suggest 
that the mechanism of phospholipid is more complex than 
simply targeting of the kinase to the plasma membrane. 

EXPERIMENTAL PROCEDURES 

Materials— Isoproterenol, alprenolol, and all phospholipids were pur- 
chased from Sigma. Western blot detection reagents including donkey 
anti-rabbit horseradish peroxidase-conjugated secondary antibody 
was obtained from Amersham Corp. The peptide substrate 
(RRREEEEESAAA) was synthesized using f-butoxycarbonyl chemistry 
with an Applied Biosystems 430A peptide synthesizer. Prior to use, the 
synthetic peptide was purified by reverse phase high performance liq- 
uid chromatography using a C-18 column and a 0-50% acetonitrile 
gradient in 0.1% trifiuoroacetic acid/water. [y- 32 P]ATP, Na 125 I t and 
[ ,25 Iliodocyanopindolol were obtained from DuPont NEN. All other 
reagents were of the the highest commercial grade available. 

Preparation of pARK—fiARK (GRK2) was overexpressed and puri- 
fied from Sf9 cells using the baculovirus expression system as previ- 
ously detailed (18). Briefly, cells were harvested 48 h after infection by 
low speed centrifugation. Following homogenization in 20 mM Hepes, 
pH 7.2, 250 mM NaCl, 5 mM EDTA, 3 mM phenylmethylsulfonyl fluo- 
ride, and 3 mM benzamidine, a high speed supernatant was prepared. 
The soluble fraction was diluted and applied to a SP-Sepharose column, 
which was washed and eluted in a 50-300 mM NaCl linear gradient. 
Peak activity fractions were pooled, diluted, and loaded on a heparin- 
Sepharose column. The /3ARK was eluted from the heparin column 
using a 100-600 mM NaCl gradient. The peak activity was pooled and 
made 0.02% final in Triton X-100 and stored at 4 °C. Protein concen- 
tration was determined by the method of Bradford (19) using purified 
bovine serum albumin as a standard. Purity of the 0ARK preparation 
was determined by SDS-polyacrylamide gel electrophoresis and was 
routinely >95%. 

Preparation of fi^AR— The hamster 0 2 AR was expressed in Sf9 cells 
using the baculovirus system and purified on an alprenolol-Sepharose 
column using a modification of previously described techniques (20, 21). 
n- Dodecyl £-D-maltoside (10 mM) in 100 mM NaCl, 10 mM Tris-HCl. pH 
7.4, 5 mM EDTA, 10 juLg/ml each of leupeptin, benzamidine, pepstatin A, 
and soybean trypsin Inhibitor, along with 1 mM phenylmethylsulfonyl 
fluoride was used to effect solubilization of the receptor from the Sf9 cell 
pellet. Following a high and low salt wash of the alprenolol Sepharose 



column, the 0 2 AR was eluted into 50 ml of 1 mM dodecyl maltoside, 100 
mM NaCl, 10 mM Tris-HCl. pH 7.4, 5 mM EDTA containing 100 /nM 
(-) -alprenolol. The receptor was concentrated to ~2 ml by ultrafiltra- 
tion on a YM-30 or YM-100 membrane (Amicon) and stored at -80 °C. 

For reconstitution studies, the purified receptor was reinserted into 
phosphatidylcholine vesicles, pelleted by centrifugation, and resus- 
pended in 20 mM Tris-HCl, pH 7.4, 2 mM EDTA as described previously 
(22). The concentration of receptor was determined using the /3-adre- 
nergic receptor antagonist [ ,25 I]iodocyanopindolol. 

For studies in mixed detergent-llpid micelles, the purified receptor 
was diluted in 1 mM dodecyl maltoside, 100 mM NaCl, 10 mM Tris-HCl, 
pH 7.4, 5 mM EDTA and concentrated on a YM-100 membrane using a 
centricon device (Amicon). Alternatively, receptor purified in digitonin 
underwent detergent exchange on a G-50 column equilibrated in 0.5 mM 
dodecyl maltoside, 100 mM NaCl, 10 mM Tris-HCl. pH 7.4, 5 mM EDTA 
and concentrated on a YM-100 membrane using a centricon device. 
Crude phosphatidylcholine vesicles were produced using a tip sonicator 
with three 1-min bursts on ice. The desired amount of 0 2 AR was added 
to various amounts of phospholipid in 20 mM Tris-HCl, pH 7.4, 2 mM 
EDTA. Other phospholipids, stored as stock solutions in chloroform, 
were first dried under a stream of N 2 . The desired amount of phospho- 
lipid was mixed with dodecyl maltoside-solubilized 0 2 AR, from which 
alprenolol had been removed as described above, prior to use in the 
phosphorylation assay. 

Phosphoryiation of the Reconstituted /3 2 AR (0.03-0.5 pmol) 

was incubated with GRK2 in a total volume of 25-50 \A containing 20 
mM Tris-HCl. pH 7.4, 2 mM EDTA, 7.5 mM MgCl 2 , 0.1 mM [<y- 32 P]ATP 
(200-1,000 cpm/pmol) at 30 °C. When indicated, (-) -isoproterenol was 
included at a final concentration of 10-50 jiM. The reaction was stopped 
by the addition of 50 /il of SDS-PAGE stop solution and the receptor 
resolved on 9 or 12% polyacrylamide gels (23). Phosphorylated 0 2 AR 
was visualized by autoradiography, and the corresponding bands were 
excised and counted to determine the extent of phosphate incorpora- 
tion. Unlike some previous studies with reconstituted receptor, no cor- 
rection factor for the stoichiometry of receptor phosphorylation was 
used in these studies. 

Phosphorylation of dodecyl maltoside-solubilized /3 2 AR was per- 
formed In the presence or absence of crude phosphatidylcholine or 
various purified phospholipids in a buffer of 20 mM Tris-HCl, pH 7.4, 2 
mM EDTA, 7.5 mM MgCl 2 . 0.1 mM [ 7 - 32 P]ATP (200-1,000 cpm/pmol). 
The final volume was 50 /il, and the phosphorylation reaction was 
carried out at 30 °C for various times as indicated. The reaction was 
stopped, and the phosphate incorporation was determined as detailed 
above. 

Phosphorylation of Synthetic Peptides— A stock solution of purified 
synthetic peptides was prepared, and the pH was adjusted to 7.4 by the 
addition of Tris base. The peptides were incubated with GRK2 (-80 
ng/assay tube) in a buffer containing 20 mM Tris-HCl, pH 7.4, 2 mM 
EDTA, 0.1 mM [y- 32 P]ATP (200-1,000 cpm/pmol), 7.5 mM MgCl 2 in a 
final volume of 25 ftl at 30 °C. The reaction was stopped by transferring 
the entire reaction mixture to a 2 x 2-cm square of P-81 paper followed 
by six washes in 75 mM phosphoric acid (10 ml/square). GRK2 activity 
was defined as the difference in phosphate incorporation in the pres- 
ence and absence of peptide. Similar results are obtained if the kinase 
activity was determined in the presence or absence of GRK2. As phos- 
phorylation reactions exhibited a higher blank when performed in the 
presence of added phospholipid, separate blanks were determined for 
assays in the absence or presence of additional phospholipid. A nonlin- 
ear regression program (Enzfitter, Elsevier-Biosoft. Cambridge, UK) 
was used to estimate the kinetic parameters. 

[ 1Z5 I]ACTP Labeling— [ 125 I]ACTP was synthesized as described pre- 
viously by Dhanasekaran etal. (24). GRK2 (8 /xg or 0.1 nmol) is reacted 
with an excess (1-200-fold) of [ 125 I]ACTP in dimethylformamide (final 
concentration of DMF is <10%). After a 120-min incubation in the dark 
at 4 °C, the reaction was stopped by the addition of SDS (2% final) and 
40 mM Af-ethylmaleimide. The labeled kinase band was resolved by 
SDS-PAGE under nonreducing conditions. The GRK2 band was local- 
ized by autoradiography, excised, and counted. The stoichiometry was 
calculated after determining the specific activity of the [ ,25 I1ACTP 
preparation (typically 1 Ci/mmol). 

Immunodetection of GRK2— Polyacrylamide gels were transferred 
overnight to nitrocellulose membranes. Immunodetection of GRK2 was 
performed using a rabbit antisera raised to purified 0ARK1 at a 1:4,000 
dilution. Detection of the GRK2 using horseradish peroxidase conju- 
gated donkey anti-rabbit antibody was as described by the manufac- 
turer (Amersham Corp.). 
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Fig. 1. Phosphorylation of detergent-solubilized ^-adrener- 
gic receptor by GRK2. 0 2 AR is expressed in Sf9 cells, solubilized in 
dodecyl maltoside, and purified by affinity chromatography using an 
alprenolol-Sepharose column. Alprenolol is removed by size-exclusion 
chromatography on a G-50 column in 100 mM NaCl, 10 mM Tris-HCl, 
pH 7.4, and 1 mM dodecyl maltoside. The receptor is then concentrated 
using a Centricon- 100 ultrafiltration device prior to phosphorylation. 
Receptor phosphorylation is carried out as described in the text, and the 
reaction is quenched by the addition of SDS sample buffer. The receptor 
is resolved by 9% SDS-polyacrylamide gel electrophoresis followed by 
autoradiography. The phosphorylation reaction is performed in the 
presence {lanes 1 and 2) or absence {lane 3) of crude phosphatidylcho- 
line (50 /tg). Isoproterenol (50 jam) is added {lanes 2 and 3) to demon- 
strate the agonist dependent nature of receptor phosphorylation by 
GRK2. The stoichiometry of phosphorylation is determined by excising 
the receptor band, quantitating the 32 P and expressing the data as mol 
of phosphate/mol of p 2 AR. 



RESULTS 

A unique feature of the GRK family is the ability to phos- 
phorylate the agonist-occupied form of a variety of G protein- 
coupled receptors. In order for a receptor to serve as a substrate 
for |3ARK, the protein is typically purified and reinserted into 
phospholipid vesicles. If phosphorylation of the receptor in 
detergent is attempted, no significant incorporation of phos- 
phate is observed. Based on binding data, the receptor exhibits 
appropriate binding properties and is not degraded. While the 
possibility exists that detergents inhibit the kinase or reconsti- 
tution into bulk lipid provides a conformational structure re- 
quired for interaction with GRKs, only recently have specific 
lipid requirement for GRKs been described (15-17). Fig. 1 
demonstrates the phosphorylation of the /3 2 AR in dodecyl mal- 
toside by GRK2. The phosphorylation of the receptor requires 
the addition of crude phosphatidylcholine and is stimulated by 
the addition of /3-adrenergic agonist. The stoichiometry of phos- 
phorylation is maximal at 4 -5 mol of phosphate/mol of recep- 
tor. In data not shown, the effect of isoproterenol is blocked by 
the addition of the jB-adrenergic receptor antagonist alprenolol. 
Also, there is a linear dependence between the amount of /3 2 AR 
added to the reaction mixture and the phosphate incorporation 
observed after resolving the receptor by SDS-PAGE with the 
maximal stoichiometry remaining ~4 mol phosphate/mol re- 
ceptor. Finally, the phosphorylated receptor is not pelleted by a 
300,000 X g centrifugation step in contrast to reconstituted 
receptor. 

In order to define the phospholipid specificity of the GRK2 
phosphorylation reaction, solubilized 0 2 AR is added to a vari- 
ety of neutral, acidic, and basic phospholipids. As shown in Fig. 
2, only lipids with a net negative charge including cardiolipin, 
phosphatidylglycerol, phosphatidic acid, phosphatidylserine, 



and phosphatidylinositol support the phosphorylation of the 
/3 2 AR by GRK2. The addition of crude, but not purified, phos- 
phatidylcholine results in receptor phosphorylation. This sug- 
gests that a phospholipid other than phosphatidylcholine is 
responsible for the activation of GRK2 observed above. Fig. 3 
compares the effects of phosphatidylinositol to those of PIP 2 . 
While phosphatidylinositol enhanced receptor phosphorylation 
by GRK2, there is no significant j3 2 AR phosphorylation in 
mixed micelles containing PIP 2 . 

To further investigate the effect of phospholipid on GRK2 
activity, a nonreceptor peptide substrate (RRREEEEESAAA) 
previously shown to serve as a J3ARK1 substrate is used (25). 
The time course of phosphorylation of the peptide by GRK2 is 
linear for 2 h in the absence or presence of phospholipid (Fig. 4). 
However, there is a substantial increase in phosphate incorpo- 
ration observed with the addition of crude phosphatidylcholine 
to the reaction mixture. The effect of phosphatidylcholine is not 
due to protection of the kinase from degradation or other non- 
specific effects as Western blotting reveals equal amounts of 
the 80,000 M T kinase band without evidence of proteolytic 
cleavage (data not shown). 

The kinetic parameters of phosphorylation are determined in 
the presence of varying amounts of the peptide substrate. As 
shown in Table I, the effect of phospholipid is to increase the 
Knax °f tne phosphorylation reaction approximately 3-fold (8.7- 
25.4 nmol/min-mg of )3ARK) without a change in the K m for the 
peptide substrate. In data shown in Table II, phosphatidyli- 
nositol increased phosphorylation of the peptide substrate 
6-fold while PIP 2 decreased GRK2 activity to 30% of the control 
level. 

As GRKS, a member of the GRK family related to j3ARK, has 
been shown to undergo phospholipid-stimulated autophospho- 
rylation and association with phospholipid vesicles (15), we 
examine GRK2 to determine if a similar mechanism may be 
responsible for the phospholipid activation of the kinase. GRK2 
does not autophosphorylate to any significant degree in the 
presence or absence of crude phosphatidylcholine (Fig. 5). At 1 
h, the maximal amount of autophosphorylation is observed 
with a stoichiometry of 0. 1 mol phosphate/mol kinase. A West- 
ern blot of GRK2 incubated with vesicles prepared from puri- 
fied lipids demonstrates a significant amount of immunoreac- 
tivity associated with the pellet (Fig. 6). 10-20% of the 
immunoreactive GRK2 did pellet with phosphatidylinositol, 
and ~5% pelleted with PIP 2 . These data stand in contrast to 
that seen with GRKS (15) and suggest different mechanisms of 
lipid activation of the two kinases. Moreover, the demonstra- 
tion of GRK2 association with vesicles containing either phos- 
phatidylinositol or PIP 2 is in agreement with the previously 
published findings (16, 17). 

The heterobifunctional cross-linking reagent, Af-3-[ 125 I]iodo- 
4-azidophenylpropionamido-S(2-thiopyridyl) cysteine has been 
used to map the molecular structure of transducing a subunit 
(24). Under mild, nondenaturing conditions, [ 125 I]ACTP deri- 
vatizes reduced sulfhydryls to form a mixed disulfide easily 
cleaved by the addition of excess reducing agents. When GRK2 
is incubated for 2 h in the dark with a 100-fold molar excess of 
[ l25 I]ACTP relative to kinase, there is incorporation of —1 mol 
[ 125 I]ACTP/mol kinase. The addition of phospholipid vesicles to 
the reaction results in a 2-fold enhancement of incorporation to 
a stoichiometry of 2 mol of [ 125 I]ACTP/mol of j3ARKl (Fig. 7). 
The additional [ 125 I]ACTP incorporation observed in the pres- 
ence of phospholipid vesicles is blocked by the addition of 
MgATP at concentrations identical to those used in the phos- 
phorylation assay. The effect of MgATP was specific for 
[ l25 I]ACTP in response to phospholipid as there is no effect 
observed with [ 125 I]ACTP incorporation in the absence of phos- 
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Fig. 2. Phospholipid specificity of 0 2 AR phosphorylation by 0ARK. 2.5 /xl of a phospholipid (10 mg/ml stock in chloroform) is taken to 
dryness with a stream of nitrogen gas and rehydrated with 10 /d of 20 mM Tris-HCl, pH 7.2, 2 mM EDTA, and 1 mM dodecyl maltoside at 30 °C. 
Mixed micelles are formed by the addition of Alprenolol-free 0 2 AR. The final volume of the phosphorylation reaction is 50 /xl and contained 2.8 pmol 
of receptor. The phosphorylation reaction is begun by the addition of kinase and ATP at 30 °C and stopped after 60 min with 10 *U of the SDS-PAGE 
stop solution. 20-jxl aliquots were loaded on a 12% polyacrylamide gel. and the phosphorylated receptor was localized by autoradiography. The 
samples are as follows: lane 1, no lipid (incubation performed in the absence of 10 jxm isoproterenol); lane 2, no lipid; lane 3, crude phosphatidyl- 
choline (incubation performed in the absence of 10 jam isoproterenol); lane 4, crude phosphatidylcholine; lane 5, cardiolipin; lane 6, lysophosphati- 
dylcholine; lane 7, palmitic acid; lane 8, phosphatidyl-DL-glycerol; lane 9, purified phosphatidylcholine; lane 10, phosphatidylethanolamine; lane 11, 
sphingomyelin; lane 12, phosphatide acid; lane 13, phosphatidyl-L-serine; lane 14, phosphatidylinositol. 



125 n 




Control 
+ 



PI 



+ 



FIG. 3. Effect of PIP 2 on GRK2 phosphorylation of the 0 2 AR. 2.5 

txl of phosphatidylinositol, PIP 2 (10 mg/ml stock in chloroform), or 
chloroform are taken to dryness with a stream of nitrogen gas and 
rehydrated with 10 yA of 20 mM Tris-HCl, pH 7.2, 2 mM EDTA, and 1 mM 
dodecyl maltoside at 30 °C. 0 2 AR phosphorylation by GRK2 in mixed 
micelles is performed as described above in the presence or absence of 
10 /am isoproterenol. 

pholipid. In all cases, the [ 125 I]ACTP incorporation is sensitive 
to reducing agents, indicating the presence of a mixed disulfide 
and not covalent attachment via the azide moiety. When a 
variety of lipids are examined, only the acidic phospholipids 
previously shown to enhance GRK2 activity led to an increase 
in [ 125 I]ACTP labeling of the kinase (Fig. 8). Of note is the 
observation that PIP 2 not only failed to increase the labeling of 
GRK2, but decreased [ 125 I]ACTP incorporation to a level below 
that seen in the basal state. A preliminary mapping experi- 
ment demonstrates that the 125 I associated with GRK2 re- 
sulted in a unique proteolytic map when cleaved with V-8 
protease. The appearance of proteolytic bands of 14 and 6 kDa 
are observed when the kinase is labeled in the presence of the 
activating lipid phosphatidic acid (Fig. 9). These cleavage prod- 
ucts are greatly diminished by co-incubation of lipid and 
MgATP or with the omission of the phospholipid to the labeling 
reaction (data not shown). 

DISCUSSION 

Regulation of G protein-coupled receptor function involves 
the process of desensitization in which a cell exposed to an 
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Fig. 4. Time course of synthetic peptide phosphorylation by 
GRK2. The synthetic peptide substrate RRREEEEESAAA (1 mM) is 
incubated for various times as indicated in the presence (e) or absence 
(®) of crude phosphatidylcholine (50 jitg). The reaction is stopped by 
spotting the sample on a square of P-81 ion-exchange paper and wash- 
ing in phosphoric acid as described. Each sample Is performed in trip- 
licate, and the results shown are that of a typical experiment. 

Table I 

Kinetics of peptide phosphorylation 
Various concentrations of the peptide RRREEEEESAAA (0-5 mM) 
are incubated with GRK2 (2.4 pmol) in the presence of 100 jam ATP 
(-1000 cpm/pmol) at 30 °C for 60 min. The reaction is stopped, and 
phosphorylation of the synthetic peptide was determined as described 
in the text. The kinetic parameters are determined by a nonlinear 
regresssion program (Enzfitter) and expressed as the mean ± S.E. with 
/?= 3. 



Additions 




y 

Y max 








nmol P/(min mg) 




Control 


1.34 ±0.17 


8.7 ± 1.5 


6.5 


Phospholipid 


1.37 ±0.42 


25.4 ± 6.2 


18.5 



agonist becomes less sensitive to subsequent stimulation. In 
the j3 2 AR-adenylyl cyclase system, nonselective, and agonist- 
specific forms of desensitization occur and appear to be related 
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Table II 

Effect of PI and PIP Z on peptide phosphorylation 
The peptide RRREEEEESAAA (1 mM) was incubated with GRK2 (1 
pmol) in the presence of 100 /iM ATP (-1000 cpm/pmol) at 30 °C for 60 
min. Phosphorylation of the synthetic peptide is determined as de- 
scribed in the text. Phosphate incorporation (pmol) is expressed as the 
mean ± S.E. with n = 4. 



Additions 


Phosphate incorporation 


Control 


4.1 ± 1.5 


Phosphatidylinositol 


25.5 ± 7.4 


PIP 2 


1.3 ±0.2 



O.lS-i 




Minutes 

Fig. 5. Autophosphorylation of GRK2. Autophosphorylation of 
GRK2 is determined under conditions identical to receptor phosphoryl- 
ation studies containing 80 ng (1 pmol) of purified GRK2 with (e) or 
without (•) added crude phosphatidylcholine (50 ^g). The kinase is 
resolved by SDS-PAGE and localized by autoradiography. The gel slice 
containing the GRK2 band is excised and counted to determine the 
stoichiometry of phosphorylation, which is expressed as mol of phos- 
phate/mol of GRK2. 
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Fig. 6. Effect of lipids on CRK2 binding to phospholipid vesi- 
cles. Lipids are dried under a stream of nitrogen and resuspended in 20 
mM Tris-HCl, pH 7.2, 2 mM EDTA with three bursts of a tip sonicator. 
GRK2 (1 pmol) is added, and the mixture is incubated on ice for 15 min. 
The phospholipid vesicles are collected by centrifugation at 15.000 x g 
for 30 min. The supernatants and corresponding phospholipid pellets 
analyzed by SDS-PAGE and GRK2 were detected by immunoblotting. 
GRK2 binding to phosphatidylcholine and PIP 2 vesicles as well as a 
control lane representing the total amount of kinase used in each 
incubation Is shown. 

to phosphorylation of the receptor (26), Kinases of the GRK 
family are thought to play a role in rapid, agonist-specific 
desensitization, as these enzymes phosphorylate the receptor 
in an agonist-dependent fashion. Several lines of evidence sup- 
port this proposed role of GRKs in the desensitization process. 
First, cells that express |3 2 ARs that have had the putative 
GRK2 phosphorylation sites deleted exhibit delayed desensiti- 
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Fig. 7. [ ,25 I1ACTP labeling of GRK2. A 100-fold excess of 
[ ,25 I]ACTP relative to kinase is incubated in the dark on ice for 2 h. The 
labeling is stopped by the addition of 2% SDS and 40 mM Af-ethylma- 
leimide (final concentrations). SDS sample buffer without 0-mercapto- 
ethanol is added and the GRK2 resolved under nonreducing conditions 
by SDS-PAGE. Fig. 7 is a autoradiograph under basal (Jane I). 50 fxg 
crude phosphatidylcholine (Jane 2), MgCl 2 (7.5 mM) and ATP (0.1 mM) 
{Jane 3), and phosphatidylcholine and MgATP (Jane 4) conditions. The 
GRK2 band is excised and [ I25 I]ACTP incorporation determined by y 
counting. The specific activity of the [ 125 I]ACTP varied with each prep- 
aration and is determined separately. These results are representative 
of [ 125 I]ACTP labeling performed a minimum of 4 times. 




Fig. 8. Lipid profile of [ 125 I]ACTP incorporation into GRK2. 

GRK2 is incubated with a 100-fold molar excess of [ 125 I]ACTP and the 
addition of 50 Mg of various lipids as described above. The reaction is 
terminated by the addition of Af-ethylmaleimide and SDS, and the 
kinase band is resolved by electrophoresis. An autoradiograph of la- 
beled GRK2 is shown. 

zation (27). Second, a permeabilized cell system has been used 
to demonstrate that heparin, a potent inhibitor of GRK2, 
blocked both agonist-induced receptor phosphorylation and de- 
sensitization (28). Third, type-specific antibodies directed to- 
ward GRK3 attenuated odorant-induced desensitization in ol- 
factory cells (29, 30). Fourth, Ishii et al (31) have shown that 
GRK3 blocks thrombin signaling when the receptor and kinase 
are coexpressed in Xenopus oocytes. Finally, overexpression of 
a GRK2 dominant negative mutant in airway epithelial cells 
attenuates desensitization of the 0 2 AR (32). At this time, these 
data are consistent with a role of GRK-mediated receptor phos- 
phorylation in the process of agonist-specific desensitization. 

The agonist-dependent phosphorylation of receptors by 
GRK2 and other members of the GRK family is a key feature of 
this class of enzymes. A conformational change in the receptor 
could expose potential phosphate acceptor sites to the kinase 
resulting in agonist-dependent phosphorylation of the receptor. 
However, this does not appear to be the mechanism involved in 
receptor-GRK interactions (7). Alternatively, the kinase ap- 
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Fig. 9. Proteolytic digest of [ 125 I1ACTP labeled GRK2. GRK2 is 
labeled is the absence (-) or presence (+) of phosphatidic acid (50 jug) 
as described above. The reaction is stopped by the addition of N- 
ethylmaleimide (40 mM) and [ 125 I]ACTP-labeled GRK2 digested with 
V-8 protease (1:10 ratio by weight) for the times indicated at 30 °C. The 
digest is stopped by the addition of SDS-sample buffer without j3-mer- 
captoethanol. The peptide fragments are resolved on a 10-20% SDS- 
PAGE gradient. [ ,25 I]ACTP-labeled fragments are identified by autora- 
diography. The majority of unincorporated [ ,25 I]ACTP is removed by 
desalting on a G-50 column in 20 mM Tris-HCl, pH 7.2, 2 mM EDTA, 
0.02% Triton X-100 before proteolysis. 

pears to interact with the agonist-occupied form of the receptor, 
which primarily results in an increase in the V max of the en- 
zyme (8, 9). Presumably, a conformational change occurs in 
GRK2 and other GRKs, which results in enhanced catalytic 
efficiency. Recently, it has been shown that the peptide masto- 
paran increases the activity of rhodopsin kinase (8) and a GRK 
isolated from porcine brain with properties similar to /3ARK1 
(13). Since mastoparan activates G proteins by mimicking a 
structure similar to agonist-occupied receptors (33), a similar 
mechanism would seem likely in the stimulation of kinase 
activity. 

In addition to the activation of the kinase following the 
interaction with agonist-occupied receptors, GRKs also interact 
with membranes via different mechanisms. Photostimulation 
of rhodopsin results in the association of rhodopsin kinase with 
the retinal membrane. The translocation to the membrane 
requires the farnesylation of rhodopsin kinase, a post-transla- 
tional modification unique to this member of the GRK family 
(6). GRK2 Q3ARK1), GRK3 (0ARK2), and a related kinase from 
porcine brain all exhibit enhanced phosphorylation of agonist- 
occupied receptors in the presence of /3y-subunits from hetero- 
trimeric G proteins (10-12). The effect of exogenous 0y-sub- 
units is to increase the rate and maximal stoichiometry of 
phosphorylation (11, 12). This effect is synergistic with the 
activation of the kinase by agonist-occupied receptor or masto- 
paran (13). Similarly to rhodopsin kinase, |3ARK1 activity has 
been shown to translocate from the cytosol to the plasma mem- 
brane following stimulation of the target cell with a wide vari- 
ety of agonists including isoproterenol, PGE X , somatostatin, 
and platelet activating factor (34-36). Unlike rhodopsin ki- 
nase, GRK2 does not undergo isoprenylation (37, 38). However, 
the interaction of the kinase with the )3y-subunits appears to 
target 0ARK to the membrane (11). Thus, two different molec- 
ular mechanisms exist for localizing GRKs to a membrane 
surface. Most recently, a third member of the GRK family 
(GRK5) was cloned and found to lack the sequence required for 
either isoprenylation or interaction with j3y-subunits (15). Con- 
sistent with the later is the finding that j3 2 AR or rhodopsin 
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phosphorylation by GRK5 is not enhanced by the addition of 
py-subunits. However, phospholipid-stimulated autophospho- 
rylation of GRKS at Ser-484 and Thr-485 increased receptor 
phosphorylation — 15-fold and represents yet a third mecha- 
nism for membrane association of GRKs. 

Despite the experimental data, which demonstrate the im- 
portance of phospholipid associations between GRKs, a clear 
effect of phospholipids is only now beginning to emerge. The 
observation that G protein-coupled receptors serve as sub- 
strates of GRKs following reconstitution into phospholipid ves- 
icles or if expressed in high numbers in the plasma membrane 
of cells such as Sf9 insect cells (39) suggests the importance of 
lipids in the phosphorylation of receptor substrates. The tradi- 
tional detergent for the solubilization of j3 2 ARs has been digi- 
tonin (20). While biologic activity is preserved, the digitonin is 
difficult to remove due to its low critical micellar concentration 
(CMC). Furthermore, digitonin tends to concentrate with most 
ultrafiltration techniques. We have used dodecyl maltoside to 
effect solubilization and purification of the /3 2 AR. Dodecyl mal- 
toside has a defined critical micellar concentration and forms 
micelles of —50,000 Da. We have taken advantage of these 
properties to concentrate the purified receptor using a YM-100 
membrane. Under these conditions, detergent passes through 
while detergent-receptor micelles are retained by the mem- 
brane. In this manner, we could manipulate the receptor prep- 
aration without excessive concentration of the detergent. In 
addition, enzymatic activity of rhodopsin kinase (40) and 
/3ARK1 2 is minimally affected by dodecyl maltoside while 
other detergents completely inhibit kinase activity despite 
concentrations below the critical micellar concentration of 
the detergent. 

In the current study, we clearly demonstrate that detergent- 
solubilized 0 2 AR serves as a substrate for GRK2, provided 
phospholipid is added to the phosphorylation reaction. Under 
the conditions used in this study, the receptor resides in a 
mixed detergent-lipid micelle. The concentration of detergent 
used would not permit the formation of pure lipid vesicles 
typical of previous reconstitution experiments. Furthermore, 
the receptor under these conditions does not pellet following a 
300,000 X g centrifugation step adding support to the notion 
that the receptor is present in mixed micelles. This data would 
suggest that GRK2 has a phospholipid requirement for phos- 
phorylation of receptor substrates. Using a variety of neutral, 
acidic, and basic phospholipids, we clearly demonstrate that 
negatively charged phospholipids, including cardiolipin, phos- 
phatidylglycerol, phosphatidic acid, phosphatidylserine, and 
phosphatidylinositol, were necessary for phosphorylation of the 
/3 2 AR by GRK2. Previously, purified receptor was first inserted 
into crude phosphatidylcholine vesicles in order to observe 
GRK2-dependent phosphorylation. Therefore, we initially per- 
formed studies of phospholipid requirements of GRK 2 using 
the same preparation of crude phosphatidylcholine. The fact 
that crude, but not purified, phosphatidylcholine preparations 
resulted in kinase activity is consistent with the notion that a 
phospholipid (s) other than phosphatidylcholine is required by 
GRK2. Thus, the long recognized requirement for reconstitu- 
tion of the 0 2 AR into phosphatidylcholine vesicles most likely 
serves to provide a source of negatively charged phospholipid to 
the phosphorylation reaction. 

As mentioned above, the lipid profile demonstrates that 
phospholipids with a net negative charge at physiologic pH 
enhance the phosphorylation of the 0 2 AR when studied in 
mixed detergent lipid micelles. A notable exception is the effect 
of PIP 2 , as receptor phosphorylation is not observed when this 
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phospholipid is included in the phosphorylation assay. Similar 
data has recently been reported when phosphorylation of the 
m2 muscarinic acetylcholine receptor was studied in reconsti- 
tuted lipid vesicles (16). In contrast, others reported that PIP 2 
enhanced GRK2 phosphorylation of the /3 2 AR only in the pres- 
ence of added py subunits of heterotrimeric G proteins (17). 
While the stoichiometry of phosphorylation is rather low com- 
pared with that previously reported using crude phosphatidyl- 
choline, qualitatively similar results were noted for a variety 
of lipids tested. In contrast to our findings and that of 
DebBurman et al. (16), in which >4 mol of phosphate/mol of 
receptor was achieved in the absence of py subunits, a 
recent manuscript (17) indicated the stoichiometry was < 0.5 
mol of phosphate/mol of 0 2 AR without the addition of G 
protein jSy subunits. 

The initial step in the mechanism of lipid regulation of GRK2 
activity must involve the interaction between lipid and the 
kinase or the receptor. Evidence of a specific lipid-kinase inter- 
action is provided by the finding that GRK2 becomes associated 
with vesicles provided they contain negatively charged lipids 
such as phosphatidylserine, phosphatidylinositol, or PIP 2 , 
However, the phosphorylation data presented in this manu- 
script as well as that previously reported (16) suggests that the 
effects of lipids are more complex than simply targeting the 
kinase to the membrane surface. This is evident by the the 
effect of PIP 2 to cause membrane association in addition to 
inhibition of receptor phosphorylation. 

In order to test the hypothesis that GRK2 activity is in- 
creased by phospholipids, we used a previously characterized 
peptide substrate of J3ARK (25). The advantage of the peptide 
substrate was 2-fold. First, the peptide substrate was designed 
to bind to ion exchange paper in 75 mM phosphoric acid per- 
mitting a large number of phosphorylation reactions necessary 
to obtain kinetic data. Second, the peptide substrate permits 
the identification of direct effects of phospholipid upon the 
kinase in the absence of any possible phospholipid-receptor 
interactions. The catalytic activity increases 3-fold with respect 
to the peptide substrate without a change in the K m in the 
presence of crude phosphatidylcholine. We determined the ki- 
netic parameters using crude phosphatidylcholine as this was 
the source of lipid that has been used for years in the reconsti- 
tution assay. Knowing that the crude preparations were 20% 
phosphatidylcholine and the results that demonstrate that 
crude but not purified phosphatidylcholine resulted in receptor 
phosphorylation in the mixed micelle system, we suspect that 
other phospholipids were responsible for /3ARK activity in the 
reconstitution assay. As further support, we demonstrate that 
the inclusion of phosphatidylinositol to the peptide assay re- 
sults in a dramatic enhancement of phosphate incorporation. 
Moreover, PIP 2 inhibited the ability of GRK2 to phosphorylate 
the synthetic peptide substrate, consistent with our data and 
that of others (16), in which receptor phosphorylation was 
studied. In general, peptides are poor substrates for GRKs 
when compared with reconstituted receptors based on their low 
affinity for the kinase; however, they provide valuable data as 
to the mechanism of GRK activation. In this situation, the 
simplest explanation of the data is that GRK2 is directly acti- 
vated following interaction with phospholipid. This observation 
would explain in part the apparent requirement for G protein- 
coupled receptors to be reconstituted into phospholipid vesicles 
in order to serve as GRK2 substrates. 

Finally, we have used [ 125 I]ACTP as a probe to assess con- 
formational changes that may occur in the kinase. We have 
observed that GRK2 will incorporate -1 mol of ACTP/mol of 
kinase under basal conditions. In the presence of crude phos- 
phatidylcholine, the stoichiometry of [ 125 I)ACTP labeling dou- 



bled. We suggest that this represents a sulfhydryl group ex- 
posed following the interaction of GRK2 and phospholipid. This 
hypothesis is further supported by three observations. First, 
the increase in [ 125 I]ACTP incorporation secondary to phospho- 
lipid exposure is completely blocked in the presence of MgATP. 
Second, the V-8 proteolytic map of [ 125 I]ACTP-labeled GRK2 
identifies two unique bands in the presence of phospholipid 
that are diminished under basal conditions or in the presence 
of MgATP. Finally, lipids, which have been shown to activate 
GRK2, also increased the [ 125 I]ACTP incorporation. More im- 
portantly, PIP 2 , which binds GRK2 but results in an inhibition 
of catalytic activity completely abolished any [ 125 I] ACTP label- 
ing, including what appears to be the site labeled in the ab- 
sence of lipids. At this time, our working hypothesis is that the 
sulfhydryl group (s) exposed following phospholipid interaction 
with GRK2 is near the ATP binding site and/or catalytic groove 
of the kinase and protected from ACTP labeling by the binding 
of MgATP. Furthermore, our ability to label this additional site 
serves as a probe of a putative conformational change, which 
occurs as the kinase is activated by regulatory lipids. 

Data presented in this manuscript provide the first direct 
evidence to support the direct regulation of GRK2 by lipid. The 
effect on catalytic activity, in addition to the membrane local- 
ization, which occurs via the interaction between various lipids 
and the pleckstrin homology domain of GRK2 and GRK3, have 
clear implications as to the regulation of the kinase. Given the 
apparent association of several members of the GRK family 
with phospholipid membranes, it is tempting to speculate that 
many of the GRKs require phospholipid for maximal catalytic 
activity. While several different types of interaction between 
various GRKs and phospholipid membranes have been de- 
scribed, it will -prove valuable to test whether a common mo- 
lecular mechanism exists among this family of kinases. We are 
currently mapping the sites of ACTP incorporation in GRK2 to 
permit such a study. Additional studies are ongoing to define 
specific phospholipid interactions with /3ARK and extend the 
current studies to other members of the GRK family. 
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Abstract The Chkl protein kinase plays a critical role in a 
DNA damage checkpoint pathway conserved between fission 
yeast and animals. We have developed a quantitative assay for 
Chkl activity, using a peptide derived from a region of Xenopus 
Cdc25C containing Ser-287, a known target of Chkl. Variants 
of this peptide were used to determine the residues involved in 
substrate recognition by Chkl, revealing the phosphorylation 
motif <I>-X-P-X-X-(S/T)*, where * indicates the phosphorylated 
residue, O is a hydrophobic residue (M > I > L > V), p is a basic 
residue (R > K) and X is any amino acid. This motif suggests 
that Chkl is a member of a group of stress-response protein 
kinases which phosphorylate target proteins with related 
specificities. 

© 2000 Federation of European Biochemical Societies. 

Key words: Cdc25; Chkl; Cell cycle checkpoint; 
Protein kinase specificity 



1. Introduction 

Eukaryotic cells possess checkpoint mechanisms which en- 
sure that cell division is restrained in the presence of damaged 
or unreplicated DNA [1,2]. The Chkl protein kinase is an 
essential component of the DNA damage checkpoint pathway 
conserved from yeast to animals that regulates entry into mi- 
tosis [3-5]. Chkl phosphorylates the Cdc25 protein phospha- 
tase, promoting the binding of a 14-3-3 protein to Cdc25 [6,7] 
and preventing nuclear translocation of Cdc25 [8-10]. Cdc25 
is thus unable to activate the protein kinase Cdc2/cyclin B and 
the cell cycle is arrested prior to mitosis. 

Chkl may also execute its function through phosphoryla- 
tion of other substrates. In vitro, Chkl can phosphorylate 
Schizosaccharomyces pombe Weel, the protein kinase that 
maintains inhibitory phosphorylation of Cdc2 [1 1]. In Saccha- 
romyces cerevisiae, Chkl phosphorylates Pdsl, stabilising 
Pdsl and preventing the onset of anaphase [12]. However, 
the phosphorylation sites on these proteins have not been 
identified. It is also likely that other substrates remain to be 
discovered. In order to predict sites of phosphorylation on 
known substrates and to identify novel candidate substrates 
for a protein kinase, it is useful to determine minimal se- 
quence requirements for recognition. The sequence specificity 
of Chkl has not been reported, but a comparison of the 
sequences surrounding the known Chkl phosphorylation sites 
in the human, Xenopus laevis and S. pombe isoforms of Cdc25 
reveals conserved basic and hydrophobic residues N-terminal 
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to the target serine, suggesting that these residues may be 
important for recognition by the kinase (Fig. 1). Here, we 
report the substrate specificity of human Chkl determined 
using peptides derived from Cdc25C as in vitro substrates. 
We define a recognition motif that is present in other potential 
Chkl substrates. This motif suggests that Chkl is a member 
of a group of related kinases with similar substrate specificities 
that respond to different cellular stresses. 

2. Materials and methods 

2.1. Expression and purification of GST-hChkl 

A human Chkl cDNA [5] was sub-cloned as a fusion product with 
the glutathione S-transferase (GST) gene into the pFastBacl vector, 
and recombinant baculoviruses were produced using the Bac-to-Bac 
system (Gibco). SJ21 insect cells in suspension culture were infected 
with GST-hChkl baculoviruses and incubated at 27°C for 96 h. The 
following steps were carried out at 4°C: cells were harvested by cen- 
trifugation, the cell pellet was resuspended in lysis buffer (50 mM 
Tris-HCl, pH 8.5, 10 mM dithiothreitol (DTT), 1% (v/v) NP-40, 1 
ug/ml each of leupeptin and aprotinin, 1 mM each of phenylmethyl- 
sulphonyl fluoride, pepstatin A, chymostatin and benzamidine), and 
sonicated four times for 10 s. The sonicate was centrifuged at 
I4000Xg for 10 min, and the supernatant mixed with 1 ml gluta- 
thione-Sepharose beads (Pharmacia) for 60 min. After washing with 
50 mM Tris-HCl, pH 8.5, 150 mM NaCl, 5 mM DTT, l%(w/v) NP- 
40, GST-hChkl protein was eluted from the beads by successive in- 
cubations with 20 mM HEPES-KOH, pH 7.5, 50 mM reduced gluta- 
thione. Eluates containing GST-hChkl protein (as judged by SDS- 
PAGE) were pooled, dialysed against 10 mM HEPES-KOH, pH 7.5, 
I mM DTT, aliquoted, snap-frozen, and stored at — 70°C. 

2.2. Synthesis of peptides 

The Xenopus Cdc25 *SPS\ *APS\ 'SPA' and 'human Cdc25C pep- 
tides were synthesised and purified by Dr G. Bloomberg, Department 
of Biochemistry, University of Bristol, UK. All other peptides were 
synthesised on a 1 .0 urnol scale as Cleaved PepSets (Chiron Technol- 
ogies, Vic, Australia), dissolved in dimethylsulphoxide (DMSO), and 
stored at -70°C. 

23. Phosphorylation of peptides by GST-hChkl 

Peptides at 200 uM (unless stated otherwise) were phosphorylated 
in 50 mM HEPES, pH 7.5, 1 mM DTT, 100 uM tf 32 P]ATP (approx. 
10 kBq/nmol), 10 mM MgCh in a 10 ul reaction volume containing 
approximately 60 ng GST-hChkl. Reactions were carried out for 30 
min at 37°C, then stopped by spotting 8 \i\ onto 1 5 mm X 1 5 mm 
squares of Whatman P8I phosphocellulose cation-exchange paper. 
Squares were washed three times for 5 min in 500 ml 150 mM H3PO4, 
rinsed in ethanol, air-dried and Cerenkov counted for 1 min. Reac- 
tions were performed in triplicate and the mean rate of phosphoryla- 
tion calculated. 

2.4. Kinetic experiments 

For assays in which Chkl activity was determined at various pep- 
tide concentrations, serial dilutions of peptide were made in 50 mM 
HEPES-KOH (pH 7.5), 25% (v/v) DMSO to give a final concentra- 
tion of 5%(v/v) DMSO in the kinase reaction, with the exception of 
the experiment shown in Fig. 2, where no DMSO was present. Re- 
action velocity and substrate concentration data were fitted to a Mi- 
chaelis-Menten curve using GraphPad Prism software, which deter- 
mined the kinetic constants V max and K^. 



00 14-5793/ 00/ $20.00 © 2000 Federation of European Biochemical Societies. All rights reserved. 
PH: S00l4-5793(99)01763-9 



92 



J.R.A. Hmchins et allFEBS Utters 466 (2000) 91-95 



3. Results 

3. 1. A quantitative assay for Chkl activity 

To generate a substrate for in vitro phosphorylation by 
Chkl, we synthesised the peptide, RLYRSPSMPEKLDRK, 
derived from residues 281-294 of the Xenopus Cdc25C protein 
and including the Ser-287 site phosphorylated by Chkl [7]. A 
C-terminal Lys residue was added to promote binding to 
phosphocellulose paper. Phosphorylation of this peptide 
(hereafter referred to as the 'SPS peptide') was catalysed by 
human Chkl expressed as a fusion protein with glutathione-S- 
transferase (Fig. 2). In addition to the Ser-287 site, this pep- 
tide contains a serine at position 285 (the numbering corre- 
sponding to the position in the parent protein), a residue 
reported to be phosphorylated by cyclin-dependent kinases 
[13]. A peptide containing a Ser-285 to Ala substitution (the 
APS peptide) was phosphorylated with similar kinetics to the 
SPS peptide (Fig. 2), showing that Ser-285 is not required 
for recognition by Chkl and is not itself a site of phosphor- 
ylation. In contrast, a peptide in which Ser-287 was changed 
to an alanine residue (the SPA peptide) was not phosphory- 
lated, confirming the site of phosphorylation as Ser-287. Since 
the kinase used in these studies was the human sequence, we 
also compared a peptide derived from human Cdc25C which 
has three amino acid changes compared to the APS peptide. 
The human-derived sequence was a slightly poorer substrate 
than the Xenopus-dsrwed APS peptide and the latter was 
therefore used as the parent sequence for subsequent studies. 
Standard assay conditions were optimised such that the rate 
of phosphorylation was close to the K ma x of the enzyme, lin- 
ear up to 60 min, and proportional to the amount of Chkl 
used (data not shown). 

3.2. Chkl can phosphorylate serine or threonine, but not 
tyrosine residues 

All of the phospho-acceptor sites for Chkl identified thus 
far are serine residues. To determine whether threonine or 
tyrosine residues can also be phosphorylated by Chkl, variant 
APS peptides, in which Ser-287 was substituted for threonine 
or tyrosine, were tested in the Chkl assay. The Thr-287 pep- 
tide was phosphorylated by Chkl at a rate (28.6 pmol/min) 
slightly higher than the Ser-287 peptide (26.2 pmol/min), but 
the Tyr-287 peptide was not significantly phosphorylated, 
Chkl is therefore a protein-serine/threonine kinase, but not 
a protein-tyrosine kinase. 

3.3. Residues at positions —3 and —5 upstream of the target 
phosphorylation site are important for substrate 
recognition by Chkl 

To determine which residues surrounding the phospho-ac- 
ceptor site are important for recognition by Chkl, an alanine 

Protein Sequence . Site 

^Chkl 

Human Cdc25C VSRSGLYRSPSMPENLNRPRL Ser-216 

Xenopus Cdc25C LNRSRLYRSPSMPEKLDRMPL Ser-287 

5. pombe Cdc25 TPRRTLFRSLSCTVETPLANK Ser-99 

5. pombe Cdc25 YLRPNVSRSRSSGNAPPFLRS Ser-192 

S. pombe Cdc25 QDTPWRRTQSMFLNSTRLGL Ser-359 

Fig. 1. Amino acid sequence alignment of known Chkl substrates. 
Conserved hydrophobic residues are underlined, conserved basic res- 
idues are in bold. 
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scan analysis of the APS peptide was performed. A panel of 
12 APS peptide variants, each with one residue substituted for 
alanine, were assayed at 200 \iM as substrates for Chkl (Fig. 
3A). Under these conditions, the majority of substitutions had 
little effect on the rate of phosphorylation of the peptide. 
Apart from the Ser-287 site, the only residues whose substi- 
tution to alanine significantly reduced the rate of phosphor- 
ylation were Leu-282 and Arg-284, five and three residues 
upstream of the phosphorylation site, respectively. None of 
the downstream residues, when substituted for alanine, caused 
a large reduction in the rate of phosphorylation by Chkl. 
More detailed kinetic experiments varying the concentration 
of substrate (Fig. 3B) showed that whereas substitution of 
Arg-281 or Met-288 to alanine resulted in an approximately 
two-fold reduction in catalytic efficiency (expressed as V^J 
K M \ substitution of Leu-282 or Arg-284 to alanine reduced 
the catalytic efficiency by approximately 20-fold. 

3.4. Variations in position and identity of residues surrounding 
the targeted serine affect the rate of phosphorylation by 
Chkl. 

To investigate in more detail the contribution of the critical 
residues for recognition by Chkl, we designed a peptide, 
RLARAASMAAALARK, based on the APS peptide, but 
with seven of the non-essential residues substituted by alanine. 
This minimal peptide maintained a high rate of phosphoryla- 
tion by Chkl (Fig. 4A). When Leu -5 was substituted with 
Met or He, the rate of phosphorylation increased, but with 
Val or Arg, and particularly Ala substitutions, the rate was 
decreased. When Arg" 3 was substituted with Lys, the peptide 
was phosphorylated at 80% of the rate of the parent peptide, 
whereas substitution to Ala greatly reduced the rate. Peptides 
in which Leu +5 was substituted or moved relative to the phos- 
phorylated serine residue showed a slight increase in the rate 
of phosphorylation, the largest being when Leu was moved 
from the +5 to the +4 position. However, a peptide in which 
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Fig. 3. Effect of substitution of residues in the Xenopus Cdc25C 
APS peptide on phosphorylation by Chkl. A: Alanine scan analy- 
sis. B: Comparison of phosphorylation kinetics. 

all of the downstream residues were substituted by alanine 
was phosphorylated at 89% of the rate of the parent peptide, 
showing that residues C-terminal to the phospho-acceptor site 
do not play a strong role in substrate recognition by Chkl. A 
peptide in which the C-terminal Arg and Lys residues were 
swapped onto the N-terminal end of the molecule increased 
the rate of phosphorylation by 52%, indicating that N-termi- 
nal basic residues are positive determinants. More detailed 
kinetic experiments were performed on minimal peptide var- 
iants in which the positions of the upstream Leu and Arg 
residues were altered (Fig. 4B). Whereas movement of 
Arg" 3 to the -4 or -2 positions resulted in 63% and 92% 
of the catalytic efficiency being retained, respectively, move- 



ment of Leu" 5 and Arg" 3 together relative to the phosphory- 
lated Ser resulted in the reduction of the K max /^ M to less than 
35% of that of the minimal peptide. Together these data in- 
dicate a minimal consensus for recognition by Chkl as <D-X-p- 
X-X-(S/T)*, where * indicates the phosphorylated residue, O 
is a hydrophobic residue (M > I > L > V), [5 is a basic residue 
(R/K) and X is any amino acid. 

3.5. Serines 104 and 117 of S. pombe Weel are putative sites of 
phosphorylation by Chkl 
S. pombe Weel protein kinase is phosphorylated on one or 
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Fig. 4. Comparison of minimal peptides as Chkl substrates. A: Ef- 
fect of substituting specific residues (underlined) on rate of phos- 
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substitution of residues 288-293 to Ala, and swapping C-terminal 
RK onto N-terminus. B: Effect of changing the position of up- 
stream residues on the kinetics of phosphorylation. 
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more serine residues by Chkl in vitro [1 1]. Examination of the 
contexts of all the serine residues present in S. pombe Weel 
revealed two sites, Ser-104 and Ser-117, which contained a 
basic residue at position —3 and a small hydrophobic residue 
at position —5. We found that two peptides containing 
these serine residues, PVPRRPS 104 LFDRPNRIC and LVSR- 
SSS 1,7 RLGDSPRK were phosphorylated at rates comparable 
to the APS peptide (Fig. 5). Substitution Ser-104 with Ala 
completely abolished phosphorylation by Chkl, confirming 
this residue as the site of phosphorylation. Substitution of 
Ser-117 with Ala reduced the rate of phosphorylation by 
64%, indicating that this residue is a target for Chkl, although 
other residues in this peptide are also phosphorylated by 
Chkl. 

3.6, Serine 343 of Xenopus Cdc25C is a good in vitro substrate 
for Chkl 

Chkl phosphorylates Xenopus Cdc25C on multiple sites, 
although only one of these, Ser-287, has been identified [7]. 
Inspection of the Xenopus Cdc25C sequence identified a po- 
tential Chkl phosphorylation site, Ser-343, within the motif 
L-X-K-X-X-S*. This residue is located in a region of Cdc25C 
highly conserved between the Xenopus and human forms, and 
is equivalent to Ser-263 of human Cdc25C, shown to be a 
residue targeted by the kinase C-TAK1 [14]. The Xenopus 
Cdc25C-derived peptide SLKKTLS 343 LCDVDIRK was a 
good substrate for Chkl, with a phosphorylation rate 56% 
that of the APS peptide (Fig. 5). Phosphorylation of the pep- 
tide by Chkl was abolished when Ser-343 was substituted 
with Ala, but 92% of the original rate was maintained when 
both Thr-341 and Ser-337 were substituted with Ala, confirm- 
ing Ser-343 as the residue targeted by Chkl in this peptide. 

3. 7. Chkl can phosphorylate peptide substrates of related 
protein kinases 

The requirement of Chkl for upstream hydrophobic and 
basic residues is similar to that reported for mammalian 
AMP-activated protein kinase (AMPK), plant 3-hydroxy-3- 
methylglutaryl-CoA reductase kinase (HRK-A), SNF1 from 
S. cerevisiae and the Ca 2+ /calmodulin-dependent protein ki- 
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nase I (CaMKI) [15], We therefore wished to determine 
whether Chkl could phosphorylate two peptides used as 
substrates for these kinases, the 'SAMS' peptide, 
HMRSAMS 79 GLHLVKRR, derived from the sequence sur- 
rounding Ser-79 of rat liver acetyl-CoA carboxylase [16], and 
the 'AMARA' peptide, AMARAASAAALARRR, which 
contains the minimal consensus sequence [15]. The SAMS 
peptide was phosphorylated at a reasonable rate (33%) com- 
pared to the APS peptide (Fig. 5). A peptide with a Ser-79 to 
Ala substitution was not phosphorylated, confirming this res- 
idue as the target of Chkl. The AMARA peptide was a better 
substrate for Chkl than the SAMS peptide, being phosphory- 
lated at 92% of the rate of the APS peptide. 

4. Discussion 

We have determined the substrate specificity of the check- 
point protein kinase Chkl using a series of synthetic peptides 
derived from a known substrate, Cdc25C. We show that the 
most important determinants for substrate recognition by 
Chkl are a hydrophobic residue at position —5 
(M > I > L > V) and a basic residue (R > K) at position —3 
relative to the phospho-acceptor site, which can be a serine or 
threonine residue. These data allow us to define the minimal 
consensus motif for phosphorylation by Chkl phosphoryla- 
tion as 0-X-P-X-X-(S/T)*. This motif is consistent with the 
primary sequence context of known Chkl sites in Cdc25 from 
different species (Fig. 1), which all show a conserved basic 
residue (Arg) in the— 3 position, and a small hydrophobic 
residue (Leu or Val) in the -5 position. It seems likely there- 
fore that the substrate specificity of Chkl homologues from S. 
pombe to vertebrates is conserved. 

Using these substrate specificity data, we have predicted 
likely additional sites targeted by Chkl in Xenopus Cdc25C 
and S. pombe Weel, and we have confirmed that peptides 
derived from these sites are indeed phosphorylated by Chkl. 
Database searches reveal many other proteins containing po- 
tential Chkl phosphorylation sites. One of these, Pdsl, is a 
protein involved in controlling the timing of anaphase that 
has been proposed recently to be a Chkl substrate in S. cere- 
visiae [12]. Examination of the amino acid sequence reveals 
that Pdsl contains six sites conforming to the Chkl motif that 
are putative sites of phosphorylation. Of course, the recogni- 
tion motif for a protein kinase is only the minimal require- 
ment for phosphorylation. Whether or not a protein is a sub- 
strate in cells may depend upon interactions with this motif 
and localisation to the same sub-cellular compartment as the 
kinase. 

The Ser-343 site of Xenopus Cdc25C that we have identified 
as a putative target for Chkl lies within a region of this 
phosphatase highly conserved between frogs and humans. 
The equivalent residue in human Cdc25C, Ser-263, is phos- 
phorylated by C-TAK1 [14]. This kinase also phosphorylates 
Ser-216 [14], the major site phosphorylated by Chkl [5] and 
Chk2 [17]. In 5. pombe, Cdsl and Chkl phosphorylate Cdc25 
in an identical manner on three serine residues in vitro [18]. 
Taken together, these results suggest that the three kinases 
Chkl, Cdsl and C-TAK1 have very similar phosphorylation 
motifs. 

The catalytic domains of Chkl, Cdsl and C-TAK1 is most 
closely related in sequence to the Ca 2+ /calmodulin-dependent 
protein kinase (CaMK) group [19]. Other members of this 
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group, AMPK, SNF1 and CaMKI, similarly require N-termi- 
nal basic and hydrophobic residues, although they have a 
stronger preference for C-terminal hydrophobic residues 
than Chkl [15,20]. Consistent with these related specificities, 
Chkl phosphorylates two peptide substrates designed for 
AMPK. How then can the sequence specificities of these 
Ser/Thr protein kinases be rationalised, based on their struc- 
tures? X-ray crystallographic studies of the catalytic domains 
of several protein kinases have identified residues which form 
the 'specificity pockets' that determine substrate recognition 
[21,22]. In the autoinhibited form of CaMKI [23], the active 
site of the kinase is occupied by a pseudosubstrate region 
( 297 NFAKSKW*KQAFN 308 ) containing the <D-X-p-X-X-(S/ 
T)*-X-X-X-<D motif found in substrates of this kinase [24], 
but with a non-phosphorylatable Trp residue in the phos- 
pho-acceptor position. There is an electrostatic interaction 
between Glu-102 in the catalytic domain and Lys-300 in the 
pseudosubstrate. A hydrophobic pocket formed by residues 
Phe-104, Ile-210 and Pro-216 accommodates a hydrophobic 
residue at position —5 in the pseudosubstrate. Sequence align- 
ment shows that these contact-making residues are conserved 
in the catalytic domains of kinases which share similar phos- 
phorylation motifs. In an analysis of 24 protein- Ser/Thr kin- 
ases, we find that the residue in the position equivalent to 
Glu-102 in CaMKI is acidic (either Glu or Asp) in kinases 
(including Chkl) which recognise an upstream basic residue in 
their substrates. Similarly, all three of the residues Phe-104, 
Ile-210 and Pro-216 are retained or conservatively substituted 
in those kinases (including Chkl) which require a hydropho- 
bic residue at the -5 position. Both the Glu-102 equivalent 
residue and the hydrophobic pocket-forming triplet are also 
conserved in the kinases C-TAK1, Cdsl and Chk2, further 
suggesting that they share with Chkl the O-X-p-X-X-S/T* 
substrate recognition motif. 

While this group of protein-serine/threonine kinases have 
related catalytic domains with similar substrate specificities, 
they have distinct regulatory domains that respond to differ- 
ent cellular stresses, e.g. ATP depletion (AMPK), glucose 
starvation (SNF1), elevated cytoplasmic Ca 2+ concentration 
(CaMKI), DNA damage (Chkl) or DNA replication arrest 
(Cdsl/Chk2). While it remains to be determined if these ki- 
nases have common substrates in vivo, it may be interesting to 
examine the possible effects of stresses other than DNA dam- 
age or DNA replication arrest on the phosphorylation of 
Cdc25 and the timing of mitotic initiation. It may also be 
interesting to examine whether Chkl can phosphorylate 
known substrates of these related kinases, which include met- 
abolic enzymes and transcription factors [25]. 
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ABSTRACT Crosslinking of membrane-bound immuno- 
globulins, which are B-cell antigen receptors, causes prolifer- 
ation and differentiation of B cells or inhibition of their growth. 
The receptor-mediated signaling involves tyrosine phosphory- 
lation of cellular proteins and rapid activation of Src-like 
kinases. The amino acid sequences of five proteolytic peptides 
of p75, a major substrate of protein-tyrosine kinase(s) in the 
signaling, showed that p75 is the human HS1 gene product. The 
HS1 gene is expressed specifically in hematopoietic cells and 
encodes p75 HS1 , which carries both heira-turo-helix and Src 
homology 3 motifs. p75 HS1 showed rapid tyrosine phosphory- 
lation and association with a Src-like kinase, Lyn, after 
crosslinking of membrane-bound IgM. Thus, p75 HS1 may be an 
important substrate of Lyn and possibly other protein-tyrosine 
kinases upon B-cell antigen receptor-mediated signaling. 



Membrane-bound immunoglobulin (mlg) forms an antigen* 
receptor complex on the plasma membrane of B cells with at 
least two transmembrane proteins, MB-1 and B29 (1-3). In 
general, crosslinking of the receptor complex of resting B 
cells by antigens or antibodies to the immunoglobulins acti- 
vates B cells to enter the Gi phase of the cell cycle, in which 
they become susceptible to proliferative signals provided by 
helper T cells. These responses are preceded by phosphati- 
dylinositol turnover, activation of phospholipase C, and Ca 2+ 
mobilization, which are apparently dependent on the func- 
tions of a GTP-binding protein(s), protein-tyrosine kinase(s), 
and protein-tyrosine-phosphatase(s) (1, 2). The tyrosine 
phosphorylation of proteins after mlg crosslinking is thought 
to be an initial intracellular signaling event. As mlg, MB-1, 
and B29 carry no catalytic domain, the receptor must regulate 
protein-tyrosine kinase(s) as an intracytoplasmic signal trans- 
ducers) (1-3). 

Src-like kinases are intracytoplasmic protein-tyrosine ki- 
nases of 55-60 kDa that are thought to be localized on the 
inner part of the plasma membrane via myristic acid (4, 5). 
Thus, the physical and functional associations of the Src-like 
kinases p53/56 Iyn , p55 bUt , and p59^ with two major B-cell 
antigen receptors, mlgM and mlgD, strongly suggest that 
these protein-tyrosine kinases are intracytoplasmic signal 
transducers of the receptor (6-9). Recent data have suggested 
that another intracytoplasmic protein-tyrosine kinase, 
p72syk } i s aj s0 sucn a signaling molecule (10, 11). In addition, 
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physical association of p56 lck with mlg has been reported 
(12). 

Several significant substrates for growth control and signal 
transduction have been identified for growth factor receptors 
carrying mtrinsic protein-tyrosine kinase activity (13). These 
substrates include intracellular signal transducers, such as 
phospholipase C-y, phosphatidylinositol 3-kinase, and Ras- 
associated GTPase-activating protein. Each of these mole- 
cules contains both Src homology 2 (SH2) and Src homology 
3 (SH3) motifs, which are homologs to noncatalytic regions 
of the Src-like kinases (13, 14). The substrates of the recep- 
tor-type tyrosine kinases are good candidates for those of 
protein-tyrosine kinase(s) regulated by mlg. In fact, tyrosine 
phosphorylations of phospholipase C-y and phosphatidylino- 
sitol 3-kinase have been shown to be involved in mlg- 
mediated signaling (8, 15-18). Physical association of phos- 
phatidylinositol 3-kinase and Lyn kinase in the signaling has 
also been reported (8). Studies on these SH2/SH3-containing 
enzymes may elucidate some aspects of the antigen-induced 
biological events which are common to growth factor- 
induced biological events of nonlymphoid cells. Our present 
study shows that plS™ 1 , a 75-kDa protein encoded by a gene 
(HS1) expressed only in hematopoietic cells, is a major 
substrate of protein-tyrosine kinase(s) regulated by B-cell 
antigen receptors and that p75 HS1 associates with the SH2 
domain of Lyn kinase upon receptor-mediated signaling. 

MATERIALS AND METHODS 

Cells. Daudi cells are human B-lymphoblastoid cells and 
were maintained as described (8). The cells carry mlgM on 
their surface and behave as normal B cells in terms of initial 
biochemical events such as phosphatidylinositol turnover, 
Ca 2+ mobilization, and tyrosine phosphorylation of proteins 
after mlgM crosslinking. 

Antibodies. Affinity-purified goat polyclonal antibodies to 
human IgM chain) were purchased from Sigma. Mono- 
clonal antibody 25.2G4 to phosphotyrosine was prepared as 
described (19). PY20 is another monoclonal antibody to 
phosphotyrosine, which was purchased from ICN. NU-Lpan 
is a monoclonal antibody to human jCD45, which was pur- 
chased from Nchirei (Tokyo, Japan). Lyn-? is a monoclonal 
antibody to human Lyn (8). Mouse antiserum to human 
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p 7 5 hsi was raised agamst t h e fuU-length sequence of human 
HSl expressed in Escherichia coli (20). 

Purification of Phosphotyrosine-Containing Proteins. Daudi 
cells (2 x 10 8 ) in 1.5 ml of RPMI-1640 medium were stimu- 
lated at 37°C for 1 min with 70 ug of goat antibody to IgM. 
Cells were lysed with 10 ml of TNE buffer [1% (vol/vol) 
Nonidet P-40/50 mM TrisHCl, pH 8.0/20 mM EDTA/0.2 
raM sodium orthovanadate with aprotinin at 10 /xg/ml], and 
the lysate was cleared by centrifugation. Sixteen samples of 
the cleared lysates were incubated at 4°C for 2.5 hr with 1.5 
mg of the 25.2G4 anti-phosphotyrosine monoclonal antibody 
(19), which was covalently coupled to protein A-Sepharose 
(Pharmacia) as described (8). The slurry was washed exten- 
sively, and phosphotyrosine-containing proteins were eluted 
with 50 mM phenyl phosphate in 1 mM sodium phosphate/15 
mM sodium chloride at pH 7.5 and were collected in 1-ml 
fractions. The peak fraction containing proteins at the highest 
concentration was selected by SDS/8.5% polyacrylamide gel 
electrophoresis (PAGE) followed by Coomassie brilliant blue 
staining (Fig. la), and was subjected to proteolysis and 
peptide sequencing. 

Separation and Sequencing of Proteolytic Peptides. The 
phosphotyrosine-containing proteins prepared from anti- 
IgM-stimulated Daudi cells (6.4 x 10 9 ) were digested with 
lysyl endopeptidase (Wako Pure Chemicals, Osaka, Japan) 
and the peptide fragments were separated by HPLC as 
described (Fig. lb) (21). Peptide sequence of each fragment 
was determined by automated gas-phase microsequencing 
(Fig. 1c) (22). 

mlgM Crosslinking and Inununoprecipitation. Daudi cells 
were stimulated with affinity-purified goat antibody to IgM 
and lysed with TNE buffer as described (8). The crude lysate 
from 10 7 cells was cleared by centrifugation and treatment 
with excess protein A-Sepharose (Pharmacia LKB) as de- 
scribed (8), then incubated with 2-3 fig of Lyn-9 or PY20 or 
3 fd of antiserum to human p75 Hsl at 4°C for 1-1.5 nr. The 
immune complexes were precipitated with protein A-Seph- 
arose. For immunoblotting, the immunoprecipitate was 
washed six times with TNE buffer. Ten micrograms of Lyn-9 
coupled covalently to protein A-Sepharose (8) was used for 




the inununoprecipitation for immunoblotting with antiserum 
to p75 HS1 . 

In Vitro Phosphorylation of Immunoprecipitate. The im- 
mune complexes precipitated with protein A-Sepharose were 
washed four times with TNE buffer and four times with 
kinase buffer (20 mM Hepes-NaOH, pH 7.4/10 mM MgClJ. 
The immunoprecipitate was suspended in 20 fi\ of kinase 
buffer with 10 /iCi (370 kBq) of [y- 32 P]ATP and was incubated 
at 30°C for 20 min with occasional mixing. 

Preparation of Glutathione 5-Transferase (GST) Fusion 
Proteins. The 375-base-pair (nucleotides 654-1028) fyn cDNA 
(23), which encodes 124 amino acid residues (Lys-120 to 
Pro-243) encompassing the SH2 domain (Trp-129 to Leu- 
218), was cloned into pGEX-2T (Pharmacia LKB) in the 
proper orientation to obtain plasmid pGEX-Lyn/SH2. The 
610-base-pair (nucleotides 256-865) PTP1C cDNA (24), 
which encodes 203 amino acid residues (Met-1 to Glu-203) 
encompassing the two SH2 domains (Trp-6 to Leu-88 and 
Trp-112 to His-195) of the PTP1C protein-tyrosine- 
phosphatase, was cloned into pGEX-2T in the proper orien- 
tation to obtain plasmid pGEX-PTPlC/SH2. Oligonucleo- 
tides were used to adjust the reading frame for each plasmid. 
The fusion proteins GST-Lyn/SH2 and GST-PTP1C/SH2 
were produced in E. coli DH5a cells transformed with 
pGEX-Lyn/SH2 and pGEX-PTPlC/SH2, respectively. The 
fusion proteins were purified by binding to glutathione- 
agarose (Sigma) essentially as described (25). 

GST Fusion Protein-Binding Assay. The cleared lysate of 
anti-IgM-stimulated or unstimulated Daudi cells (5 x 10 6 ) was 
incubated at 4°C for 2 hr with glutathione-agarose bound to 
10-20 fig of GST fusion protein. Hie slurry was washed six 
times with TNE buffer and subjected to immunoblotting. 

Subcellular Fractionation. Growing Daudi cells (2 x 10 7 ) 
were washed twice with RPMI-1640 and suspended in 2 ml of 
hypotonic buffer (20 mM Hepes-NaOH, pH 7.4/10 mM 
EDTA/2 mM dithiothreitol with aprotinin at 10 fcg/ml). The 
suspension was left on ice for 15 min, and cells were broken 
by 50-100 strokes in a Dounce homogenizer with a tight- 
fitting pestle. The rupture of >98% of the cells and the 
presence of apparently intact nuclei were confirmed by 
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Fig. 1. Identification of p75 HSl as a major phosphotyrosine-containing protein in stimulated B cells, (a) Anti-phosphotyrosine monoclonal 
antibody (25.2G4)-reactive proteins from 3.2 x 10 9 anti-IgM-stimulated Daudi cells were eluted and collected in 1-ml fractions. Standard protein 
markers (Bio-Rad; 0. 1 fig of each protein) (lane 1), 50 /d of the peak fraction (lane 2) , and 50 fd of the second peak fraction (lane 3) were subjected 
to SDS/8.5% PAGE and Coomassie brilliant blue staining. Positions and sizes (kDa) of standard protein markers are indicated at left, (b) The 
peak fractions prepared from stimulated Daudi cells (6.4 x 10 9 ) were digested with lysyl endopeptidase and the proteolytic fragments were 
separated by HPLC. Values above peaks indicate retention times. Vertical axis represents the relative absorbance at 215 nm. Peaks A-D, whose 
sequences were determined, are indicated, (c) Peptide sequence of each fragment was determined by automated gas-phase microsequencing. 
Peak A in b contained two major peptides, which were separated by capillary HPLC (A-1 and A-2). Hyphens indicate undetermined residues. 
Period indicates absence of amino acid, (d) Predicted structure of p75 HS1 is schematically represented. The small boxes at the top indicate the 
a-helices predicted from the amino acid sequence of p75 HS1 (20, 21). The helix containing an amphipathic region is indicated by a black box. 
The large box represents the primary structure of p75 HSl containing three copies of repeating motifs (striped), the same Glu/Pro stretch as that 
in adenovirus 2 El A (crosshatched), and an SH3 motif (shaded). The small bars at the bottom indicate the positions of peptides sequenced in 
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microscopic analysis. Nuclei were separated by centrifuga- 
tion for 1 min at 800 x g t washed twice with 10 mM sodium 
phosphate/150 mM sodium chloride, pH 7.5/0\5% Nonidet 
P-40, and solubilized by boiling in Laemmli SDS/PAGE 
sample buffer. The postnuclear supernatant was separated by 
centrifugation at 30,000 x g for 30 min into membrane (pellet) 
and cytoplasmic (supernatant) fractions. The membrane frac- 
tion was washed twice with sodium phosphate buffer and 
solubilized by boiling in SDS sample buffer. The cytoplasmic 
fraction was mixed with 3x sample buffer and boiled. 

Immunoblotting. Proteins in the cleared lysate, in subcel- 
lular fractions, or in Lyn-9, PY20, or anti-HSl immunopre- 
cipitate, or proteins bound to GST fusion protein were 
resolved by SDS/8.5% PAGE under reducing conditions and 
then transferred to polyvinylidene difluoride membrane (Bio- 
Rad), which was subsequently blocked by incubation with 
bovine serum albumin (50 mg/ml). Then, the blot was probed 
with PY20, NU-Lpan, or antiserum to HS1 followed by 
alkaline phosphatase-coupled antibody to mouse IgG 
(Promega) as described (6, 8, 20). 

RESULTS AND DISCUSSION 

Identification of p75 BS1 as a Major Phosphotyrosine- 
Containing Protein in Anti-IgM-Stimulated B Cells. We pre- 
viously demonstrated that p53/p56 Iyn (Lyn) are associated 
with mlgM and activated within 15 sec after mlgM crosslink- 
ing (6, 8). We also demonstrated the tyrosine phosphorylation 
of several unidentified proteins and their association with 
Lyn within 1 min after mlgM crosslinking. To identify these 
proteins, using monoclonal antibody to phosphotyrosine, we 
purified phosphotyrosine-containing proteins from Daudi 
cells stimulated for 1 min with goat antibody to IgM. The 
purified fraction contained a major protein of 75 kDa, p75 t in 
an amount >3-fold those of any other proteins in the fraction 
(Fig. la). Digestion of the phosphotyrosine-containing pro- 
teins with lysyl endopeptidase generated several major pep- 
tide fragments (Fig. lb). Five independent sequences of the 
major fragments were identical to those deduced for the 
product of the human HS1 gene (Fig. 1 c and d) (20). The 
apparent molecular mass of the human HS1 gene product is 
75 kDa on SDS/PAGE. Antiserum to human HS1 protein 
reacted strongly with a 75-kDa component of the purified 
phosphotyrosine-containing proteins of anti-IgM-stimulated 
Daudi cells (data not shown). These data indicate that p75 is 
the HS1 gene product, p75 HS1 . 

Tyrosine Phosphorylation of p75 Hsl in B-Cell Antigen Re- 
ceptor-Mediated Signaling. The HS1 gene is expressed spe- 
cifically in cells of hematopoietic lineage (20). The N-terminal 
moiety of p75 HS1 is rich in basic and acidic residues and has 
three copies of a 37-amino acid repeating motif, each of which 
contains a helix-turn-helix motif (Fig. ld) % The C-terminal 
moiety is rich in acidic residues and has the same Glu/Pro 
stretch as that in adenovirus 2 E1A transcription factor, as 
well as a potential or-helix containing an amphipathic region 
(20). In addition, an SH3 motif was present near the C 
terminus (14, 20). That p75 HS1 is the most abundant phos- 
photyrosine-containing protein in anti-IgM-stimulated B cells 
strongly suggests that p75 HS1 is a major substrate of protein- 
tyrosine kinase(s) activated by the stimulation. To verify this 
possibility, we examined whether p75 HS1 undergoes tyrosine 
phosphorylation during signaling. The amount of p75 HSl 
immunoprecipitated with mouse polyclonal antibody was not 
affected by mlgM crosslinking of Daudi cells, but the abun- 
dance of p75 HS1 in immunoprecipitates with monoclonal 
antibody to phosphotyrosine was greatly increased within 1 
min (Fig. 2a). This result suggested that a large fraction of 
p75 HS1 was tyrosine-phosphorylated within 1 min after 
crosslinking. However, this observation did not exclude the 
possibility that p75 HS1 was associated with some unknown 
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Fig. 2. Tyrosine phosphorylation of p75 HS1 . Daudi cells (1 x 10 7 ) 
were stimulated with affinity-purified goat antibody to IgM for 
various periods and lysed by addition of 1 ml of cold TNE buffer. The 
anti-p75 HS1 or anu-phosphotyrosine (PY20) immunoprecipitates of 
the lysates were washed and tested for the presence of p75 KS1 or 
phosphotyrosine by immunoblotting. Positions and sizes (kDa) of 
standard protein markers are indicated at left. Position of p75 HS1 is 
indicated at right, (a) Lysates were prepared from unstimulated cells 
(lanes 1 and 3) or cells stimulated for 1 min (lanes 2 and 4). Anti-HSl 
immunoprecipitate (lanes 1 and 2) and PY20 immunoprecipitate 
(lanes 3 and 4) were prepared from lysates of 1 x 10 6 and 4 x 10 6 cells, 
respectively, and tested for p75 HS1 . (B) Anti-HSl immunoprecipi- 
tates prepared from lysates of 3 x 10* cells stimulated for various 
times were tested for tyrosine phosphorylation. Lane 1, unstimulated 
control; lane 2, 1 min; lane 3, 2 min; lane 4, 4 min; lane 5, 10 min; lane 
6, whole lysate of 3 x 10 5 cells stimulated for 1 min (the same 
preparation as for lane 2 in c). (c) Lysates prepared from 3 x 10 s cells 
stimulated for various times were examined for phosphotyrosine. 
Lane 1, unstimulated control; lane 2, 1 min; lane 3, 2 min; lane 4, 4. 
min; lane 5, 10 min. 

protein that was tyrosine-phosphorylated by crosslinking. 
Therefore, we examined tyrosine phosphorylation of the HS1 
immunoprecipitate. The result showed that p75 HS1 was, in 
fact, tyrosine-phosphorylated on stimulation with antibody 
to IgM and that the phosphorylation was rapid (within 1 min) 
and decreased after 4 min (Fig. 2b), In addition, the mobility 
of tyrosine-phosphorylated p75 HS1 was the same as that of the 
protein that reacted most intensely with antibody to phos- 
photyrosine in a whole lysate of stimulated cells (Fig. 2b). 
Thus we compared the time courses of tyrosine phosphory- 
lations of these two proteins. The two were parallel, sup- 
porting the notion that p75 HS1 is a major substrate of the 
protein tyrosine kinase(s) in B-cell antigen receptor-mediated 
signaling (Fig. 2 b and c). 

Association of p75 HS1 with the SH2 Domain of Lyn Kinase by 
mlgM Crosslinking. As mentioned above, several proteins 
were tyrosine-phosphorylated and associated with p53/5# yn 
by mlgM crosslinking. Among these unidentified proteins, a 
75-kDa protein was the most intensely phosphorylated after 
in vitro phosphorylation of Lyn immunoprecipitates (8). To 
verify that the 75-kDa protein in Lyn immunoprecipitate was 
p75 HS1 , we examined the in vitro phosphorylation of Lyn and 
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HS1 immunoprecipitates. The mobility of the 75-kDa phos- 
phoprotein in the HS1 immunoprecipitate, which was most 
likely phosphorylated p75 HS1 , was the same as that of the 
75-kDa phosphoprotein in the Lyn immunoprecipitate of 
stimulated cells (Fig. 3a, lanes 2-4). Interestingly, the level 
of phosphorylation of the 75-kDa protein in the HS1 immu- 
noprecipitate was greatly increased 1 min after mlgM 
crosslinking (Fig. 3a, lanes 3 and 4). The amounts of immu- 
noprecipitated Lyn and HS1 were confirmed not to be 
affected by the stimulation (Fig. 2a; ref. 8). Since the phos- 
phorylations of both 75-kDa proteins are resistant to 1 M 
KOH treatment and since p75 HS1 has no intrinsic kinase 
activity (20), these data indicate that the apparent activity of 
p75 HS1 -associated protein-tyrosine kinase(s) is up-regulated 
by mlgM crosslinking and suggest that p75 HS1 is associated 
with Lyn by stimulation. The presence of 53/56-kDa phos- 
phoprotein in the HS1 precipitate after the crosslinking also 
supports this notion (Fig. 3a, lane 4). 

To demonstrate that Lyn associates with p75 HSl during 
mlgM crosslinking, we evaluated the presence of p75 HS1 in 
Lyn immunoprecipitates. The amount of p75 HS1 in the Lyn 
immunoprecipitate was up-regulated >4-fold by mlgM 
crosslinking for 1 min (Fig. 3*), indicating that mlgM 
crosslinking can induce stable association of Lyn with 
p75 HS1 . Thus, p75 HSl may be an important substrate of Lyn 
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Fig . 3 . Association of p75 HS1 with Lyn by mlgM crosslinking. (a) 
Lysates were prepared from unstimulated cell^(lanes 1 and 3) or cells 
stimulated for 1 min (lanes 2 and 4) as described in Fig. 2. The Lyn-9 
(lanes 1 and 2) and anti-p75 HS1 (lanes 3 and 4) immunoprecipitates 
from the lysates of 1 x 10 7 and 4 x 10 5 Daudi cells, respectively, were 
subjected to In vitro phosphorylation. During the procedure, auto- 
phosphorylation of p53/56 t y fl reached a plateau. The phosphorylated 
proteins were subjected to SDS/8.5% PAGE and treatment with 1 M 
KOH at 65°C for 90 min, followed by autoradiography. Positions and 
sizes (kDa) of standard protein markers are indicated at left. Posi- 
tions of p53/56*° and p75 Hsl are indicated, and those of p53 and p56 
(see text) are indicated by tiny filled squares at right. (6) Lysates were 
prepared from 1 x 10 7 cells that were unstimulated (lane 1) or 
stimulated for 1 min (lane 2) as described in Fig. 2. The Lyn-9 
immunoprecipitates from the lysates were tested for p75 Hsl by 
immunoblotting. (c) Lysates were prepared from 5 x 10 6 cells 
unstimulated (lane 1) or stimulated for 1 min (lanes 2 and 3) as 
described in Fig. 2 and were incubated with glutathione-agarose 
coated with GST-Lyn/SH2 (lanes 1 and 2) or GST-PTP1C/SH2 
(lane 3). The slurry was washed and tested for p75 HS1 by immuno- 
blotting. 



kinase upon B-celi antigen receptor-mediated signaling. As 
p75 HS1 has no SH2 motif, which preferentially associates 
with phosphotyrosine-containing peptides, the SH2 motif of 
Lyn may interact with tyrosine-phosphorylated p75 HS1 (13, 
14, 22). To examine this possibility, SH2 domain(s) of Lyn or 
PTP1C, a protein-tyrosine-phosphatase with two SH2 do- 
mains (25), was bacterially produced as fusion protein with 
GST and purified by binding to glutathione-agarose. The GST 
fusion protein was incubated with lysate of anti-IgM- 
stimulated or unstimulated cells, and then the amount of 
p75 HS1 bound to the fusion protein was evaluated. The 
amount of p75 HS1 bound to GST-Lyn/SH2 was up-regulated 
>6-fold by mlgM crosslinking for 1 min (Fig. 3c, lanes 1 and 
2). In addition, p75 HS1 was not detected in GST-PTP1C/ 
SH2-bound proteins of anti-IgM-stimulated cells (Fig. 3c, 
lane 3). These data indicate that p75 HSl was preferentially 
associated with the SH2 domain of Lyn kinase in B-cell 
antigen receptor-mediated signaling. However, these data do 
not exclude a possible association of p75 HS1 with non-SH2 
domains of Lyn. Two other Src-like kinases, p55 blk and 
p59 fyn , have also been reported to be constituents of the 
B-cell antigen receptor complex and to be activated in 
receptor-mediated signaling (9). Since SH2 domains of Lyn, 
Fyn, and Blk differ, these mlg-associated kinases may inter- 
act with p75 HS1 with different preferences. 

Implications. Accumulating data suggest that Src-like ki- 
nases are intracytoplasmic signaling molecules of a number of 
cell surface receptors of hematopoietic cells. For instance, 
Lyn is also suggested to be a signaling molecule of the 
high-affinity receptor for Fc« (26). Components of about 
70-80 kDa were also detected by in vitro phosphorylation of 
a Lyn immunoprecipitate after receptor-mediated activation 
(26). As the HS1 gene is expressed specifically in hemato- 
poietic cells, p75 HS1 may play a crucial role by interacting 
with Src-like kinases in various signaling systems of hema- 
topoietic cells. In addition, we previously showed (8) that 
p53/p56 lyn was also rapidly associated with a 70-kDa phos- 
photyrosine-containing protein after mlgM crosslinking. 
Therefore, tests for a possible interactions of this unidentified 
70-kDa protein with p75 HS1 and p53/56 lyn or other protein- 
tyrosine kinases upon signaling in hematopoietic cells seem 
necessary. 

Wu et al. (27) have recently cloned cDNA for p80/85, 
which is tyrosine-phosphorylated in chicken embryo cells 
transformed by p60 src . They showed that the p80/85 has six 
copies of a 37-amino acid repeating motif in its N-terminal 
region, each of which shows high homology (about 70%)*to 
the three repeating motifs of p75 HS1 , and also has an SH3 
motif at the C terminus. p80/85 was reported to be a 
cytoskeletal protein and was detected exclusively in the 
cytosolic fraction of the cells (27). Therefore, we examined 
the subcellular localization of p75 HS1 by similar fractionation 
of unstimulated Daudi cells. We found that p75 HS1 was 
mainly localized in the membrane and cytosolic fractions of 
the cells (Fig. 4). However, a small fraction of p75 HS1 was 
also detected in the nuclear fraction, as reported previously 
(20). Its localization in membranes is consistent with the 
notion that Lyn kinase, which is also localized in the mem- 
brane fraction (28), interacts with p75 HS1 . The difference 
between the localizations of p75 HS1 and p80/85 may reflect 
the fact that these components show low homology (about 
20% amino acid sequence identity) except in their N-terminal 
regions including the repeating motif (about 70% identity) and 
in their C-terminal SH3 motif (about 70% identity) (20, 27). 
Neither the El A-like structure nor the amphipathic region of 
p75 HS1 is found in p80/85 (20, 27). The differences in their 
subcellular localizations and predicted structures suggest 
that their biochemical and biological functions also differ. 
Internal repeating motifs such as ankyrin and knob-and-hole 
motifs could be a common feature of membrane, cytoskeletal 
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Fig. 4. Subcellular localization of p75 HS1 . Growing Daiidi cells 
were subjected to subcellular fractionation. Samples of nuclear (lane 
1), membrane (lane 2), and cytoplasmic (lane 3) fractions from 2 x 
10 5 . 1 x 10 5 , and 1 x 10 s cells, respectively, were tested for p75 HSl 
by immunoblotting. The same samples were also tested for CD45 
with monoclonal antibody NU-Lpan 

and transcriptional proteins involved in cell cycle control and 
differentiation (10, 11, 29-31). The 37-amino acid repeating 
motif may be shared by proteins possessing a variety of 
functions and localizations. 

The physiological role of the SH3 motif is not known (13, 
14). However, the helix-turn-helix motif, the amphipathic 
structure, and the characteristic distribution of ionic residues 
in p75 HS1 suggest that p75 HS1 functions as a DNA-binding 
protein in hematopoietic cells. If this is the case, p75 HS1 could 
transduce some signals from protein-tyrosine kinase(s) to 
certain genetic loci upon B-cell antigen receptor-mediated 
signaling. Alternatively, p75 HS1 may regulate other cytoplas- 
mic or cytoskeletal signaling molecule(s) upon signaling. 
Studies on the precise localization of p75 HS1 before and after 
mlg crosslinking are important to obtain further information 
on its function. 

We thank S.-H. Shen for PTP1C cDNA, V. Fukui and S.-I. 
Nishikawa for fruitful suggestions and valuable discussions, K. 
Higashi for excellent technical assistance, N. Hohashi and J. Fuji- 
moto for computer analysis, and S. Nagasawa, M. Kaji-Ide, K. 
Kawana, and T. Ishida for help in preparation of the manuscript. This 
work was supported in part by grants-in-aid from the Ministry of 
Education, Science, and Culture of Japan. 

1. Reth, M., Hombach, J., Wienands, J., Campbell, K. S;, Chien, 
N., Justment, L. B. & Cambier, j. C. (1991) Immunol. Today 
12, 196-201. 

2. Ales-Martinez, J. E.; Cuende, E., Martinez-A., C, Parkhouse, 
R. M. E. , Pezzi, L. & Scott, D. W. (1991) Immunol. Today 12, 
201-205. 

3. CampbeU, K. S., Hager, J. H., Friedrich, R. J. & Cambier, 
J. C. (1991) Proc. Nail. Acad. Sci. USA 88, 3982-3986. 



Proc. Natl Acad. Sci. USA 90 (1993) 3635 



4. Cooper, J. A. (1990) in Peptides and Protein Phosphorylation, 
eds. Kemp, B. E. & Ale wood, P. F. (CRC, Boca Raton, FL), 
pp. 85-113. 

5. Semba, K. & Toyoshima, K. (1990) in Genes and Cancer, eds. 
Sikora, K. & Carney, D. (Wiley, Chichester, U.K.), pp. 73-83. 

6. Yamanashi, Y., Kakiuchi, T., Miztiguchi, J., Yamamoto, T. & 
Toyoshima, K. (1991) Science 251, 192-194. 

7. Yamanashi, Y., Miyasaka, M., Takeuchi, M., Dusko, I., Mi- 
zuguchi, J. & Yamamoto, T. (1991) Ceil Regul 2, 979-987. 

8. Yamanashi, Y., Fukui, Y., Wongsasant, B., Kinoshita, Y. v 
Ichimori, Y., Toyoshima, K. & Yamamoto, T. (1992) Proc. 
Natl. Acad. Sci. USA 89, 1118-1122. 

9. Burkhardt, A. L., Brunswick, M., Bolen, J. B. & Mond, J. J. 
(1991) Proc. Natl. Acad. Sci. USA 88, 7410-7414. 

10. Taniguchi, T., Kobayashi, T., Kondo, J., Takahashi, K., 
Nakamura, H., Suzuki, J., Nagai, K., Yamada, T., Nakamura, 
S. & Yamamura, T. (1991) J. Biol. Chem. 266, 15790-15796. 

11. Hutchcroft, J. E., Harrison, M. L. & Geahlen, R. L. (1992) /. 
Biol. Chem. 267, 8613-8619. 

12. Campbell, M.-A. & Sefton, B. M. (1992) Mol. Cell. Biol. 12, 
2315-2321. 

13. Cantley, L. C, Auger, K. R., Carpenter, C, Duckworth, B., 
Graziani, A., Kapeller, R. & Soltoff, S. (1991) CW/64, 280-302. 

14. Koch, C. A., Anderson, D. , Moran, M. F. , Ellis, C. & Pawson, 
T. (1991) Science 252, 668-674. 

15. Carter, R. H., Park, D. J., Rhee. S. G. & Fearon, D. T. (1991) 
Proc. Natl. Acad. Sci. USA 88, 2745-2749. 

16. Gold, M. R., Chan, V. W.-F., Turck, C. W. & DeFranco, 
A. L. (1992) /. Immunol. 148, 2012-2022. 

17. CoggeshaU, K. M., McHugfr, J. C. & Altaian; A. (1992) Proc. 
Natl. Acad. Sci. USA 89, 5660-5664. 

18. Hempel, W. M., Schatzman, R. C. & DeFranco, A. L. (1992) 
J. Immunol. 148, 3021-3027. 

19. Yamori, T., Iizuka, Y., Takayama, Y., Nishiya, S., Iwashita, 
S., Yamazaki, A., Takatori, T. & Tsuruo, T. (1991) Cancer Res. 
51, 5859-5865. 

20. Kitamura, D., Kaneko, H., Miyagoe, Y., Ariyasu, T. & Wa- 
tanabe, T. (1989) Nucleic Acids Res. 17, 9367-9379. 

21. Breitman, T. R., Selonick, S. E. & Collins, S. j. (1980) Proc. 
Natl. Acad. Sci. USA 76, 2936-2940. 

22. Nada, S., Okada, M., MacAuley, A., Cooper, J. A. & Naka- 
gawa, H. (1991) Nature (London) 351, 69-72. 

23. Yamanashi, Y., Fukushige, S., Semba, K., Sukegawa, J., 
Miyajima, N., Matsubara, K.-I:, Yamamoto, T. & Toyoshima, 
K. (1987) Mol. Cell. Biol. 7, 237-243. 

24. Sheri, S.-H., Bastien, L., Posner, B. I. & Chretien, P. (1991) 
Nature (London) 352, 736-739. 

25. Smith, D. B. & Johnson, K. S. (1988) Gene 67, 31-40. 

26. Eiseman, E. & Bolen, J. B. (1992) Nature (London) 355, 78-80. 

27. Wu, H., Reynolds, A. B., Kanner, S. B., Vines, R. R. & 
Parsons, J. T. (1991) Mol. Cell. Biol. 11, 5113-5124. 

28. Yamanashi, Y., Mori, S., Yoshida, M., Kishimoto, T., Inoue, 
K., Yamamoto, T. & Toyoshima, K. (1989) Proc. Natl. Acad. 
Sci. USA 86, 6538-6542. 

29. Lux, S. E. , John, K. M. & Bennett, V. (1990) Nature (London) 
344, 36-42. 

30. Hirano, T., Kinoshita, N. t Morikawa, K. & Yanagida, M. 
(1990) Cell 60, 319-328. 

31. Sikorski, R. S., Boguski, M. S., GoebU M. & Hieter, P. (1990) 
CW/60, 307-317. 



The Journal op Biological Chemistry Vol. 274, No. 8, Issue of February 19, pp. 4995-6003, 1999 

© 1999 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in U.SA. 

Engineering the Substrate Specificity of the Abl Tyrosine Kinase* 

(Received for publication, August 10, 1998, and in revised form, November 13, 1998) 
Jeffrey H. Till, Perry M. Chan, and W. Todd Miller* 

From the Department of Physiology and Biophysics, School of Medicine, State University of New York, 
Stony Brook, New York 11794-8661 



c-Abl is a non-receptor tyrosine kinase that is involved 
in a variety of signaling pathways. Activated forms of 
c-Abl are associated with some forms of human leuke- 
mia. Presently, no high resolution structure of the tyro- 
sine kinase domain of Abl is available. We have devel- 
oped a structural homology model of the catalytic 
domain of Abl based on the crystal structure of the in- 
sulin receptor tyrosine kinase. Using this model as a 
guide, we selected residues near the active site pre- 
dicted to play a role in peptide/protein substrate recog- 
nition. We expressed and purified 15 mutant forms of 
Abl with single amino acid substitutions at these posi- 
tions and tested their peptide substrate specificity. We 
report here the identification of seven residues involved 
in recognition of the P-l, P+l, and P+3 positions of 
bound peptide substrate. Mutations in these residues 
cause distinct changes in substrate specificity. The re- 
sults suggest features of Abl substrate recognition that 
may be relevant to related tyrosine kinases. 



The c-abl proto-oncogene encodes a multidomain non-recep- 
tor tyrosine kinase that is expressed ubiquitously in human 
tissues (reviewed in Refs. 1-4). Mutant forms of c-abl are found 
in patients with Philadelphia chromosome-positive chronic my- 
elogenous leukemia and acute lymphocytic leukemia (1-4). In 
these diseases, a chromosomal translocation event produces a 
chimeric oncogene consisting of 5 '-sequences of bcr fused to abl. 
The BCR-Abl fusion protein has elevated tyrosine kinase ac- 
tivity relative to c-Abl, and the tyrosine kinase activity of the 
BCR-Abl fusion protein is necessary for disease progression. 
Similarly, tyrosine kinase activity is necessary for transforma- 
tion of fibroblasts or hematopoietic cells by BCR-Abl (5, 6). 

In addition to its tyrosine kinase catalytic domain, c-Abl has 
a short amino-terminal unique domain followed by SH3 and 
SH2 domains (1-4). This domain organization is found in many 
non-receptor tyrosine kinases. Abl also possesses a large car- 
boxyl-terminal region that includes a DNA-binding domain, an 
F-actin-binding domain, a nuclear localization signal, and a 
proline-rich region implicated in mediating protein-protein in- 
teractions. Studies aimed at understanding the normal physi- 
ological role of c-Abl have shown the enzyme to be involved in 
signal transduction, cytoskeletal rearrangement, RNA polym- 
erase II activation, DNA repair, and cell cycle control (1-4). 
c-Abl has been shown to physically associate with at least seven 
unique proteins, including p53 and the nuclear Rb protein (4). 
Mice with targeted disruptions in the c-abl gene have high 
neonatal mortality rates and are more susceptible to infection, 
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suggesting a role for c-abl in B-lymphocyte development (7). 

At least eight in vivo substrates for Abl have been identified 
(4). The amino acid sequences surrounding the phosphorylation 
sites for two of these proteins, RNA polymerase II (8) and c-Crk 
(9), have been described. These sequences do not share a com- 
mon primary sequence motif, suggesting that Abl may have t 
broad range of substrate specificity. Studies using synthetic 
peptides have been used to examine the substrate specificity of 
Abl and to define any primary sequence determinants for sub- 
strate recognition (10, 11). These studies suggest that, al- 
though Abl does not have an absolute consensus sequence for 
phosphorylation, the best in vitro peptide substrates for Abl 
contain the sequence Ile-Tyr-Ala-Xaa-Pro, where Xaa is any 
amino acid. These studies indicate that the P-l (He) and the 
P+3 (Pro) positions are most important for substrate 
recognition. 

The molecular basis of peptide/protein substrate recognition 
for tyrosine kinases is not well understood. Presently, a single 
high resolution crystal structure of a tyrosine kinase in com- 
plex with peptide substrate is available: the tyrosine kinase 
domain of the insulin receptor (IRK) 1 complexed with a peptide 
substrate (12). This structure reveals interactions between en- 
zyme and substrate that govern substrate specificity. Two ad- 
jacent hydrophobic pockets on the surface of the C-terminal 
lobe of IRK accommodate Met side chains C-tenninal to the 
phosphorylated tyrosine on the peptide substrate. The crystal 
structure of the activated IRK-peptide complex provides a 
structural basis for understanding the primary signaling spec- 
ificity of IRK and serves as a general model for tyrosine kinase 
substrate recognition. 

In this paper, we have developed a molecular homology 
model of the kinase catalytic domain of Abl (Abl-CAT) to help 
identify amino acids that may be important in substrate rec- 
ognition. A similar approach was used to propose a molecular 
model of the Bruton tyrosine kinase and to provide a structural 
basis for understanding mutations in this enzyme associated 
with the disease X-linked agammaglobulinemia (13). Our mo- 
lecular homology model is based on the crystal structure of the 
ternary complex of IRK with peptide substrate and AMP-PNP 
bound (12). Using the model as a guide, we have targeted seven 
residues in Abl-CAT for amino acid substitutions to examine 
effects on substrate specificity. Site-directed mutants of Abl- 
CAT were engineered and tested with a series of peptide sub- 
strates to monitor changes in specificity. Kinetic analyses of 
these mutants with the peptide substrates show distinct 
changes in substrate preferences. 

EXPERIMENTAL PROCEDURES 

Homology Model— Ammo acids 362-625 of v-Abl were used to gen- 
erate primary sequence alignments using the CLUSTALW alignment 
algorithm (14) and were imported into Swiss-PDB Viewer (15). The 



1 The abbreviations used are: IRK, insulin receptor tyrosine kinase 
domain; Abl-CAT, Abl catalytic domain; AMP-PNP, 5'-adenylylimido- 
diphosphate; Nle, norleucine. 
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primary model of the Abl catalytic domain was prepared using the 
spatial coordinates of a-carbons from the crystal structure of the ter- 
nary form of IRK with peptide substrate and AMP-PNP bound (12). 
Gaps in the sequence alignment were ligated manually, minimizing 
large steric clashes. Energy minimization and loop insertions were 
carried out using the Swiss-Model automated modeling system (16). 
Additional rounds of energy minimization were carried out using Sculpt 
for Power Macintosh (17). The stereochemical quality of the model was 
checked using PROCHECK Version 3.3 (18), which reports no distorted 
main-chain bonds, five distorted main-chain angles, and no distorted 
planar groups. The distorted main-chain angles were outside of the 
predicted substrate-binding region and do not interfere with our inter- 
pretation of the model. Solvent-accessible surface area was calculated 
and visualized using Web Lab Viewer (Molecular Simulations Inc.) with 
a 1.4-A probe. Figs. XA and 2 were prepared using Strata Studio Pro 
(Strata Inc., St. George, UT). 

Mutagenesis, Expression, and Purification — Our experiments were 
carried out on the isolated catalytic domain of v-Abl, expressed in 
Escherichia coli as described previously (19). The sequence numbering 
used is from the gag-Abl fusion protein of the Abelson murine leukemia 
virus (20). Mutagenesis of the Abl catalytic domain was carried out 
using a QuikChange mutagenesis kit (Stratagene). Mutagenesis prim- 
ers complementary to wild-type template were designed with single, 
double, or triple nucleotide substitutions. The DNA sequences encoding 
the entire catalytic domains of the mutants were confirmed by DNA 
sequencing on an ABI373 automated DNA sequencer. Wild-type and 
mutant proteins were expressed as glutathione S-transferase fusion 
proteins in E. coli strain NB42 and purified using glutathione-agarose 
(19). All proteins expressed to similar levels, were of the expected size, 
and purified to >98% homogeneity. 

Peptides— Synthetic peptides were prepared by solid-phase synthesis 
using standard Fmoc (iV-(9-fluorenyl)methoxycarbonyl) chemistry on 
an Applied Biosystems automated 431 A peptide synthesizer. Peptides 
were purified using semi-preparative reversed-phase high performance 
liquid chromatography. Matrix-assisted laser desorption ionization 
time-of-flight mass spectrometry was used to confirm the identity of the 
final products. 

Kinase Assays — Tyrosine kinase activity assays were carried out 
using two methods. In both cases, the intact glutathione S-transferase- 
Abl fusion proteins were used; we showed previously that the specific 
activity and substrate specificity of glutathione S-transferase-Abl are 
similar to those of full-length Abl and that velocity versus [enzymel 
plots are linear over the concentrations used here (19). For initial 
comparisons of several substrates, phosphocellulose binding assays 
were used to measure incorporation of [ 32 Pj ATP into peptide substrates 
(19, 21). These reactions were carried out in triplicate at saturating 
concentrations of ATP (250 jllm) and Mg 24 (10 him). The reactions were 
carried out in volumes of 25 jaI, using peptide concentrations of 50 jLtM or 
1.5 mM and 1 /xg of enzyme. Picomoles of phosphate incorporated into 
peptides were measured after 20 min as described (19). 

A continuous spectrophotometric assay (22) was used to measure 
initial rates of phosphorylation and to determine kinetic constants for 
some peptides. Reactions were carried out in volumes of 100 u\ using 5 
/ig of purified enzyme. Saturating concentrations of ATP (500 /am) and 
Mg 2 ' (10 mM) were used, and peptide concentrations ranged from 50 lam 
to 2 mM. Data were sampled every 30 s to determine rates of phospho- 
rylation. Initial rates (<10% of the reaction) were measured in tripli- 
cate. The initial rate values were averaged, and and K m were 
determined by fitting to the hyperbolic velocity versus [substrate] 
curves using the program MacCurve Fit. For some combinations of 
peptides and mutants, initial experiments established that their K m 
values were in the millimolar range (>2 mM). In addition, we observed 
that high concentrations of these peptides were inhibitory. Thus, con- 
centrations over 2 mM were not employed, and we were unable to 
determine K m values accurately using initial rate kinetics. For these 
peptides, the complete time courses for phosphorylation were measured 
using peptide concentrations less than K m . In these cases, we analyzed 
the data graphically as described (23) to determine V^JK^ 

RESULTS 

Homology Model — The overall topology of the Abl structural 
homology model reflects the typical bilobal structure shared by 
all eukaryotic protein kinases (24) with a five-stranded j3-sheet 
and a single a-helix in the arnino-terminal lobe, responsible for 
MgATP binding, and a highly helical carboxyl-terminal lobe 
(Fig. 1). Based on results for other protein kinases, the C- 
terminal lobe is predicted to make most of the contacts with 



peptide/protein substrates. The total root mean square devia- 
tion of the polypeptide backbone between the Abl model and 
the IRK structure is 1.8 A. The crystal structure of the acti- 
vated insulin receptor catalytic domain with peptide bound (12) 
served as a model for the orientation and structure a peptide 
may adopt in the Abl active site. Comparison of the C-terminal 
peptide-binding domains of IRK and Abl indicated that the 
greatest differences are in the regions responsible for binding 
the P+3 amino acid side chain. The P-l region differs only 
slightly from that of IRK The activation loop (amino acids 
500-521; see Pig. 1) is extremely flexible when examined using 
molecular mechanics (Sculpt, Interactive Simulations, Inc.), 
and the structure of the loop in our model is one of many 
possible conformations. Additionally, the structure of IRK used 
for our model is multiply phosphorylated on the activation loop 
(12). Abl contains a single tyrosine within the activation loop, 
Tyr-513, which is phosphorylated in vivo and in vitro and is 
believed to be involved in enzyme activation (25, 26). Although 
we believe that our model represents the activated form of Abl, 
the activation loop tyrosine is modeled in its unphosphorylated 
state. 

Design of Peptide Substrates — Previous studies of the in vitro 
substrate specificity of Abl have been carried out in this labo- 
ratory and by others (for review, see Ref. 27). We designed two 
groups of peptide substrates to examine any changes in speci- 
ficity at the P- 1 and P+ l/P+3 positions for engineered mutant 
forms of Abl (Table I). (Amino acids in peptide substrates are 
designated by their position relative to the phosphorylated 
tyrosine. For example, in the sequence Ile-Tyr-Ala-Ser-Pro, lie 
is at the P- 1 position, Ala is at the P+l position, and Pro is at 
the P+3 position.) Peptides used to examine P+l and P+3 
specificity share the sequence Ser-Arg-Gly-Asp-Tyr-Xaaj-Thr- 
Xaa 2 -Gln-Ile-Gly, where either Xaa x or Xaa 2 is varied. These 
peptides are based on a peptide sequence derived from a phos- 
phorylation site of insulin receptor substrate- 1 used previously 
in our laboratory to examine the substrate specificity of wild- 
type Abl at the P+l, P+2, and P+3 positions (19). In these 
earlier studies, we found that amino acids at the P+2 position 
do not strongly influence substrate recognition. Moreover, in 
the ternary structure of IRK, specificity in peptide binding is 
achieved through interactions with the P+l and P+3 residues 
(12). For these reasons, we did not examine the effects of 
residue changes at the P+2 position in this study. 

We chose to use a different series of peptides to examine P-l 
specificity (Table I). This is because, in the context of the 
insulin receptor substrate- 1 peptides, we did not observe a 
strong dependence on the amino acid at the P— 1 position for 
Abl phosphorylation. 2 Peptides designed to examine specificity 
at the P- 1 position share the sequence Leu-Ile-Glu-Asp-Ala- 
Xaa-Tyr-Ala-Ala-Arg-Gly, where Xaa is varied. This sequence 
is based on the autophosphorylation site of Src and has been 
previously used in our laboratory to examine P-l specificity in 
wild-type Abl (11). Amino acids for the substituted position 
were chosen to explore the effect of size, charge, and hydropho- 
bic character. Because the two groups of peptides are dissimilar 
in sequence, we did not attempt to draw conclusions about the 
relative importance of P-l versus P+ l/P+3 recognition for 
each mutant. 

Mutations That Affect P+3 Peptide Recognition— Experi- 
ments with synthetic peptides and peptide libraries have dem- 
onstrated that Abl prefers proline at the P+3 residue of a 
substrate. In the crystal structure of IRK, Leu- 1219 is part of a 
binding pocket that surrounds the P+3 methionine side chain 



3 D. A Hinds, W. T. Miller, and S. E. Shoelson, unpublished 
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Fig. 1. A, ribbon diagram of the Abl 
tyrosine kinase catalytic domain molecu- 
lar homology model. B y sequence align- 
ment of the v-Abl and human insulin re- 
ceptor (IRK) tyrosine kinase catalytic 
domains. The sequence shown for Abl is 
the portion modeled in A. This portion of 
Abl is the same as the region expressed in 
E. coli for the mutagenesis experiments. 
Numbering for Abl is from the gag-Abl 
fusion protein sequence (20). Residues 
mutated in this study are shaded. Aster- 
isks indicate positions that are identical 
in Abl and insulin receptor kinases; co- 
lons show positions with conservative 
substitutions. 
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of the peptide substrate (12). In the Abl homology model, the 
residue homologous to Leu-1219 is Tyr-569. Tyr-569 is partially 
solvent-exposed in our model and could adopt the same role as 
Leu-1219 in IRK (Fig. 2). Three separate mutant forms of 
Abl-CAT were engineered with amino acid substitutions at 
Tyr-569: Y569L, Y569A, and Y569W. Alanine was chosen as a 
substitute for Tyr-569 to examine the effects of rninimizing the 
amino acid side chain length. In c-Src, the residue correspond- 
ing to Tyr-569 is a leucine (28), and the specificity of c-Src at 
the P+3 position differs from that of Abl (10). For this reason, 
we chose to introduce leucine as a substitute for Tyr-569. We 
also mutated Tyr-569 to Trp because the Abl homology model 
suggests that a large side chain at this position might cause the 
putative P+3 substrate-binding pocket to be too narrow to 
accommodate amino acids with large side chains such as 
proline. 

Initial screens of Abl mutants were carried out using peptide 
concentrations of 1.5 mM and measuring [ 32 P]ATP incorpora- 
tion after 20 min to assess any changes in substrate phospho- 
rylation (Fig. 3). Experiments using low (50 jum) peptide con- 
centrations showed no changes in the rank order of specificity 
compared with those using higher peptide concentrations (data 
not shown). These initial activity measurements indicated that 
the Y569W and Y569L mutants had an altered specificity (Fig. 
3); in particular, recognition of Pro at the P+3 position was 



greatly reduced. These changes in specificity were character- 
ized further by more detailed kinetic analyses (Table II). The 
kinetic measurements show that the Y569W mutant phospho- 
rylated the P+lAia'P+SMet peptide best, with a V m( JK m value 
of 5.6. The P+lMet/P+Sp^ peptide, the best for the wild type 
with a V mf JK m value of 10.7, was phosphorylated less effi- 
ciently by this mutant, with a V mB JK m value of 1.3 (Table II). 
The phosphorylation of other peptides by the Y569W mutant 
was similar to the wild type (Fig. 3 and Table II). The difference 
in specificity observed in the Y569W mutant therefore arises 
from a decrease in V ms JK m for the P+3^ peptide specifically 
rather than an overall decrease in the phosphorylation of all 
peptides. Kinetic measurements also showed a decrease in the 
phosphorylation of the P+ 1^^+31^ peptide by Y569L, with 
a V m JK m value of 4.4 (wild-type V m JK m - 10.7) (Table II). 
The Y569A mutant did not display any changes in phosphoryl- 
ation of the peptides tested compared with wild-type Abl (Fig. 
3), and we did not carry out kinetic analysis of this mutant. 

Mutations That Affect P+i Peptide Recognition— Two resi- 
dues in Abl-CAT, Phe-521 and Ile-523, were identified as res- 
idues that might contribute to P+l substrate specificity (Fig. 
2). Ile-523 was chosen based on the homology model. A solvent- 
accessible surface representation suggests that Ile-523 is par- 
tially solvent-exposed and forms the edge of a groove into which 
a substrate amino acid side chain may fit. Two substitutions 
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Table I 

Amino acid sequences and designations of peptides used in this study 



P-l peptide variants Designation 

Lys-Lys-Leu-Ile-Glu-Asp-Ala-Glu-Tyr-Ala-Ala-Arg-Gly P-l Glu 
Lys-Lys-Leu-Ile-Glu-Asp-Ala-Ile-Tyr-Ala-Ala-Arg-Gly p ~liie 
Lys-Lys-Leu-Ile-Glu-Asp-Ala-Leu-Tyr-Ala-Ala-Arg-Gly P-1 L<SU 
Lys-Lys-Leu-Ile-Glu-Asp-Ala-His-Tyr-Ala-Ala-Arg-Gly P-1hio 
Lys-Lys -Leu- lie -Glu- Asp- Ala- Ala -Tyr- Ala-Ala- Arg-Gly . P-l Ala 

Lys - Lys - Leu - lie -Glu- Asp- Ala- Lys- Tyr- Ala -Ala -Arg-Gly p_1 Lyo 
Lys-Lys -Leu-Ile-Glu-Asp-Ala-Gln-Tyr-Ala-Ala-Arg-Gly P-l G m 

P+l and P+3 peptide variants Designation 

Lys-Lys -Ser-Arg-Gly-Asp-Tyr-Met-Thr-Met -Gin- Ile-Gly P+l Met /P+3 Met 

Lys-Lys -Ser-Arg-Gly-Asp-Tyr-Ile-Thr-Met -Gin- Ile-Gly P+l Ila /P+3 Mac 

Lys-Lys-Ser-Arg-Gly-Asp-Tyr-Nle-Thr-Met-Gln-Ile-Gly P+1ni«/ p+: W 

Lys-Lys -Ser-Arg-Gly-Asp-Tyr-Ala-Thr-Met -Gin- Ile-Gly P + l A io/ p+3 Met 

Lys - Lys - Ser -Arg-Gly-Asp- Tyr -Glu -Thr -Met -Gin- Ile-Gly p+ l G iu/ p+3 Met 

Lys-Lys -Ser-Arg-Gly-Asp-Tyr-Met-Thr-Pro-Gln- Ile-Gly p +l M et/ p + 3 Pro 

Lys-Lys -Ser-Arg-Gly-Asp-Tyr-Met-Thr-Thr-Gln- Ile-Gly p+ l M «t/ p+3 Thr 

Lys-Lys-Ser-Arg-Gly-Asp-Tyr-Met-Thr-Ala-Gln-Ile-Gly p +l M et:/ p +3 Aln 

Lys -Lys -Ser- Arg-Gly- Asp -Tyr-Met-Thr-Glu-Gln- Ile-Gly P + lM a c/ p+ 3Giu 



were made for Ile-523: I523V and I523A. These amino acid 
substitutions were chosen to examine the effect of shortening 
the side chain on accommodating P+l residues. Phe-521 was 
selected to test the possibility that residues near the activation 
loop contribute to specificity; based on homology to other pro- 
tein kinases, the activation loop in Abl is predicted to span 
residues 500-521. We examined the effects of smaller (F521A) 
and larger (F521W) side chains at this position. Initial meas- 
urements of activity were used to assess changes in specificity 
(Fig. 4) using a panel of peptides that vary at the P+l position. 
Initial rate measurements were used to characterize the 
changes in specificity shown in the 1523 V and F521A mutants 
(Table III). The I523A and F521W mutants did not display any 
changes in specificity and were indistinguishable from wild- 
type enzyme in our initial comparisons (Fig. 4). For this reason, 
we did not pursue kinetic characterization of these mutants. 

The specificity of the I523V mutant shows a change at the 
P+l position. Phosphorylation of the P+l AIa /P+3 Met peptide 
by the wild type (V m JK m = 6.3) and I523V <V m JK m - 10.0) 
was comparable (Table III). However, the I523V mutant phos- 
phorylated the P+ln«/P+3 Met peptide -3.5 times better than 
the wild type (Table III). Initial rate measurements on the 
F521A mutant showed generally higher V ma JK m values for the 
P+ WP+3 Met , P+ WP+3 Met , and P+l Ile /P+3 Met peptides 
when compared with wild-type values (Table III). Like wild- 
type enzyme, the F521A mutant still phosphorylated the 
P+l Ala /P+3 Met peptide best, with V mf JK m = 13.0, compared 
with the wild type, which has a V ms JK m value of 6.3 for the 
same peptide. 

Mutations That Affect P-l Peptide Recognition — Isoleucine 
at the P-l position is a strong determinant for substrate 
recognition in wild-type Abl (10, 11). We produced Abl mutants 
with amino acid substitutions at residues predicted to be near 
the P-l-binding region of the enzyme. Abl-CAT residue Leu- 
444 was chosen as a target for mutagenesis based the role of 
the corresponding residue in IRK, Lys-1085. In IRK, Lys-1085 
extends from the aD helix and makes a water-mediated hydro- 
gen bond with the P-l residue (Asp) of the substrate peptide 
(12). In our model, Leu-444 extends from the structurally ho- 
mologous helix and is partially solvent-exposed. We chose to 
change Leu-444 to lysine to examine the possibility of a change 
in substrate specificity to that of IRK (which prefers Glu at 
P-l) (10). An L444E mutation was made to examine the pos- 
sibility that introduction of an acidic residue at this position 
may favor the binding of a basic amino acid at the P- 1 position 
of peptide substrate. The L444K and L444E mutants retained 
the overall preference for lie at the P- 1 position, although they 



differed from the wild type in phosphorylation of other sub- 
strates (Fig. 5 and Table IV). The L444K mutant has V ma JK m 
values of 8.0 for the P-Ihis peptide and 21.0 for the P-ln e 
peptide, whereas wild-type Abl has V ma JK m values of 6.8 for 
P-lHi3 and 12.3 for P-lu e (Table IV). Thus, L444K shows 
enhanced recognition of P— l Ile relative to wild-type Abl. The 
L444E mutant demonstrated a specificity different from that of 
L444K. The V^J^ values for the L444E mutant are 14.5 for 
P-l Hi3 and 18.9 for P-l Ile (Table IV); thus, there is a selective 
increase in P-l H is recognition relative to the wild type. Both 
L444K and L444E have lower V ma JK m values for P- l Glu than 
wild-type Abl. Wild-type enzyme has a V mn JK m value of 1.3 for 
P-l Glu . The L444K mutant has a vJjK m value of 0.5 for 
P-l Glu) and the L444E mutant has a V ma JK m value of 0.07, a 
19-fold reduction (Table IV). 

Abl-CAT residues Gly-556 and Ser-558 were chosen because 
these residues are solvent-accessible in the homology model, in 
close proximity to Leu-444 (Fig. 2). We produced G556A, 
G556V, S558A, and S558N mutants. The G556A and S558A 
mutants were indistinguishable from the wild type in our ini- 
tial screens (Fig. 5). Hie G556V mutant, however, has a re- 
duced preference for lie at the P— 1 position and an increased 
preference for Leu at the P— 1 position. For wild-type enzyme, 
the V ma JK m value for P-l llc is 12.3. For the G556V mutant, 
the V m JK m value for P-l Ile is 4.2 (Table IV). The S558N 
mutant showed subtle changes in specificity. The V ma JK m 
value for P— l ne , 12.0, is similar to the value of 12.3 for wild- 
type Abl, and the V m&y /K m value of this mutant for P- l His , 5.4, 
is close to the value of 6.8 for wild-type Abl (Table IV). The 
V ma JK m value of this mutant for P-l G i u , 0,0S t is substantially 
lower than the corresponding value of 1.3 for wild-type Abl 
phosphorylating P-l Glu (Table IV). 

We also chose to mutate Trp-525 of Abl based on our model- 
ing studies. To identify residues in Abl that may make contacts 
with the P- 1 side chain, we used the activated IRK structure 
to model He (in place of Asp) at the P-l position of the peptide 
substrate. The indole of Trp-1175 of IRK packs against the side 
chain of one energetically favorable rotamer of the modeled He. 
In our Abl model, the residue homologous to Trp-1175, Trp-525, 
lies at the bottom of the putative P-l-binding pocket (Fig. 2). 
Trp at this position is conserved in protein-tyrosine kinases 
(28). We substituted the bulky residues Phe and His for Trp- 
525 to minimize perturbations in the structure. The W525F 
and W525H mutants preferred the P-l ne peptide overall and 
showed modest changes toward other substrates. For example, 
the enzymes showed different abilities to phosphorylate the 
P-lnia and P-l Glu peptides (Table IV). W525H had a de- 
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Fig. 2. Three pairs of models showing amino acids targeted for mutagenesis. A and B show residues involved in P-l substrate 
specificity. C and D show residues involved in P+l specificity. E and F show the residue involved in P+3 specificity. A, C, and E, molecular surface 
representations of the Abl homology model showing residues targeted for mutagenesis in red-orange, B, D, and F t tube schematic of the Abl 
homology model showing residues targeted for mutagenesis in ball and stick representation. 



creased selectivity for P- l HiB and an increased selectivity for 
P-l Glu relative to wild-type Abl (Table IV). These results sug- 
gest that Trp-525 of Abl is in the vicinity of the P- 1 position of 
bound substrate, although it appears not to play a dominant 



role in substrate selection. 

Indirect Effects— We examined the possibility that muta- 
tions designed to affect recognition of one position in the sub- 
strate might have effects at other positions as well. Mutants 
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Fig. 3. Initial comparisons of wild- 
type and mutant forms ofAbl (Y569W, 
Y569L, and Y569A) with P+l/P+3 
peptide variants. Wild-type Abl and the 
three mutant forms of Abl were tested 
with a panel of eight peptides. The incor- 
poration of E 32 !*] phosphate into peptides 
was determined after a 20-min reaction 
using the phosphocellulose paper assay. 
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Table II 

Kinetic measurements for wild-type Abl and two mutant forms ofAbl (Y569W and Y569L) 
Enzyme/peptide combinations were chosen based on initial comparisons of enzymatic activity toward P+l/P+3 peptides (Fig. 3). Kinetic 
constants for those enzyme/peptide combinations with significant changes from the wild type are shown. To compare phosphorylation of a 
particular peptide by mutant versus wild type, the V mt JK m value for the mutant was divided by the value for the wild type. This ratio is given in 
the last column. 



Enzyme 


v 

r max 


Km 




V m JK m 
ratio 




nmoli min/mg 


mu 






Wild type 










7.5 ± 0.9 


0.7 ± 0.2 


10.7 


1,0 


P+WP+3^, 


2.3 ± 0.5 


1.8 ± 0.6 


1.3 


1.0 


P+WP+3 Met 


2.5 ± 0,3 


0.4 ± 0.1 


6.3 


1.0 


P+WP+3 Met 


3.4 ± 0.4 


0.5 ± 0.2 


6.8 


1.0 


Y569L 












4.4 ± 0.4 


1.0 ± 0.4 


4.4 


0.4 




2.0 ± 0.2 


0.9 ± 0.1 


2.2 


1.7 


P+WP+3 Met 


1.9 ± 0.2 


0.8 ± 0.2 


2.4 


0.4 


P+WP+3^ 


3.6 ± 0.4 


0.5 ± 0.1 


7.2 


1.1 


Y569W 










P+WP+3^ 


2.5 ± 0.3 


1.9 ± 0.1 


1.3 


0.1 


P+WP+3 Mrt 


2.8 ± 0.3 


0.5 ± 0.1 


5.6 


0.9 



with predicted changes in P+3 recognition were tested with 
five peptides containing Met, He, Ala, Glu, or Nle at the P+l 
position (Fig. 3). Whereas the pattern of peptide phosphoryla- 
tion by Y569W and Y569A closely resembled that of wild-type 
Abl, Y569L showed some differences from the wild type (Fig. 3). 
We examined these differences more closely by kinetic analysis 
of P+l Ala /P+3 Met and P+ WP+3 Met (Table II). These meas- 
urements showed a decrease in the phosphorylation of P+l^/ 
P+3 Met , with V m JK m - 2.4 (wild-type V^JK m - 6.3). Thus, 
in the Y569L mutant, a change in the P+3 region has effects on 
P+l recognition as well. We also screened the P+3 mutants 
with the following peptides varying at P-l: P-l H is» P~1giu» 
P _1 Gin» P _1 ii e t ana P^Iais- These comparisons showed no 
differences between wild-type Abl and any of the mutants (data 
not shown). 

We tested for indirect effects using the P+l and P — 1 mu- 
tants as well. We carried out initial comparisons of the P+l 
mutants using four peptides that vary at the P+3 position: 
P+ WP+3 Mott P+l Met /P+3 Thr , P+WP+3Aia, and P+l Met / 
P"^^ (Fig. 4). In these experiments, there was no observable 
difference between the substrate specificities of wild-type Abl 
and the P+l mutants toward the peptides varying at P+3 (Fig. 
4). Similarly, we observed no differences between the P+l 
mutants and the wild type in recognition at the P- 1 position 
(data not shown). 

We screened the following four P- 1 mutants ofAbl for indirect 
effects: L444K, L444E, S558N, and S558A. We tested the follow- 
ing P+l/P+3 peptides: P+l Me t/P+3 Met , P+-l A JP+3 Met , P+ 1 G J 
P+3 Met , P+ WP+3A,., and P+WP+3-mr. All four of the mu- 
tants displayed the same rank order of substrate preference as 



the wild type in this experiment (P+lAia^P + 3 Met > P+l Me t/ 
P+3 Met > P+ WP+3 Met > P+ WP+3ai. ~ P+ WP+SnJ 
(data not shown). We conclude from these studies on indirect 
effects that the sites on Abl for recognition of the P-l and 
P+l/P+3 positions are distinct. On the other hand, the P+l and 
P+3 sites may have some overlap, as at least one mutation 
(Y569L) had an effect on recognition of both positions. 

DISCUSSION 

Although Abl is capable of phosphorylating a wide range of 
peptide and protein substrates, the best peptide substrates for 
Abl contain the sequence Ile-Tyr-Ala-Xaa-Pro, as shown in 
peptide library studies (10, 11). lie at the P-l position and Pro 
at the P+3 position are the most important determinants of 
substrate specificity for Abl. Here, we have identified residues 
in the catalytic domain of Abl involved in peptide substrate 
binding and specificity. These residues are located primarily in 
the C-terminal lobe of the catalytic domain, which has been 
implicated previously in substrate binding for other protein 
kinases (12, 24, 27). 

The mutant forms of Abl described here fall into three classes 
with respect to substrate specificity. 1) Two mutants (Y569W 
and Y569L) have altered substrate specificity. These mutants 
no longer prefer proline at the P+3 position in peptide sub- 
strates. 2) Many of the mutants (eg. I523V, W525H, and 
L444E) showed no change in the major detenninants for sub- 
strate recognition, but differed from the wild type in their 
phosphorylation of other peptide substrates. For example, mu- 
tations aimed at altering recognition of the P- 1 position re- 
sulted in enzymes that still preferred He at P-l, but that 
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Fig. 4. Initial comparisons of wild- 
type and mutant forms of Abl (F521A, 
F521W, I523V, and 1523A) with P+l 
peptide variants. Each of the four mu- 
tant forms of Abl was tested with the 
panel of eight peptides. The incorporation 
of [ 32 P]phosphate into peptides was deter- 
mined after a 20-min reaction using the 
phosphocellulose paper assay. 
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P^MET^MET 


n 


P+1 |LE P+3 MET 


tZJ 
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Table in 

Kinetic measurements for wild-type Abl and two mutant forms of Abl (1523V and F521A) 
Enzyme/peptide combinations were chosen based on initial comparisons of enzymatic activity toward all P+l peptides (Fig. 4). Kinetic constants 
for those enzyme/peptide combinations with significant changes from the wild type are shown. To compare phosphorylation of a particular peptide 
by mutant versus wild type, the value for the mutant was divided by the value for the wild type. This ratio is given in the last column. 



Enzyme 


y 


K m 




ratio 




nmol/min/mg 


mu 






Wild type 








P+WP+3 Met 


2.5 ± 0.3 


0.4 ± 0.1 


6.3 


1.0 


P+WP+3M et 


3.4 ± 0.4 


0.5 ± 0.2 


6.8 


1.0 


P+l Ile /P+3 Met 


0.6 ± 0.1 


0.5 ± 0.1 


1.2 


1.0 


I523V 










P+WP+3 Met 


4.8 ± 0.5 


0.5 ± 0.1 


10.0 


1.6 


P+WP+3 Met 


3.3 ± 0.4 


0.5 ± 0.1 


6.6 


1.0 


P+WP+3** 


2.1 ± 0.3 


0.5 ± 0.1 


4.2 


3.5 


F521A 










P+WP+Sm* 


5.2 ± 0.5 


0.4 ± 0.1 


13.0 


2.1 


P+lWP+3 Met 


3.4 ± 0.4 


0.4 ± 0.1 


8.5 


1.3 


P+WP+3** 


2.2 ± 0.2 


1.5 ± 0.1 


1.5 


1.3 



diverged from the wild type when screened against peptides 
containing other amino acids at P-l. In these cases, these 
residues may not be involved in direct interactions with the 
P- 1 residue of substrate. Instead, because of their vicinity to 
the P-l position, they may act indirectly, stabilizing the local 
structure to interact favorably with He at the P-l position. 3) 
Some mutants (e.g. Y569A, I523A, and G556A) showed no 
changes in specificity when assayed against a variety of peptide 
substrates. These mutants were not characterized by kinetic 
analysis. 

The Y569W mutation in Abl has the most dramatic effect on 
substrate specificity of the mutants we report here. Wild-type 
Abl phosphorylates a peptide substrate with Pro at the P+3 
position best. The Y569W mutant phosphorylates P+l Met / 
P + 3 Prt) -10 times less efficiently than does wild-type Abl (Ta- 
ble II). All other amino acid side chains tested at the P+3 
position of the substrate were phosphorylated at the same level 
as in the wild type (Fig. 3). Our structural model suggests that 
this change in specificity arises from a steric clash between the 
side chain of Trp-569 in the mutant and the side chain of 
proline in the substrate. This is not the case with the other 
peptide substrates tested that have smaller amino acid side 
chains at the P+3 position. Proline at the P+3 position plays a 
role in substrate recognition in vivo in at least one case: Abl 
phosphorylates c-Crk at Tyr-221 within the sequence Tyr-Ala- 
Gln-Pro (9). Phosphorylation by Abl is believed to modulate the 
protein binding and transforming activity of Crk (29). Prelim- 
inary experiments indicate that, in contrast to wild-type Abl, 
the Y569W mutant has no activity toward Crk in vitro. 3 

Mutations predicted to affect substrate recognition at the 



3 J. H. Till and W. T. Miller, unpublished observations. 



P+l position (I523V) or at the P-l position (L444K, L444E, 
G556V, S558N, W525F, and W525H) do so in a more subtle 
manner. These mutations do not change the overall preference 
for He at P-l or Ala at P+l; however, we observed effects on 
specificity when we screened these mutants against peptides 
containing other residues at P-l or P+l. For example, the 
I523V mutant still phosphorylated the P+ lAi*/P+3 Met peptide 
best (of the peptides tested), but the V mQ JK m value for the 
P+l IU /P+3 Met peptide was 3.5 times higher in this mutant 
than in the wild type (Table III). The L444E mutant, while still 
preferring Be at the P- 1 position, was 2.1 times more efficient 
at phosphorylating the P-l H iB peptide than the wild type and 
19 times less efficient at phosphorylating the P-l G i u Peptide 
than the wild type (Table IV). There are at least two explana- 
tions for these subtle effects on substrate specificity, (i) The 
residues may not make direct contact with bound substrate, 
but might instead be involved indirectly in maintaining the 
three-dimensional structure of Abl to favor certain amino acids 
in the substrate, (ii) Additionally or alternatively, substrate 
specificity at P-l or P+ 1 may be achieved by a combination of 
residues, such that single amino acid substitutions do not cause 
complete alterations in substrate recognition. Indirect effects 
could explain why, for example, the L444K mutant phospho- 
rylates the P- l Ue peptide better than the wild type and shows 
a decrease in the phosphorylation of P-Iqiu when compared 
with the wild type (Table IV). 

There are residues in the three-dimensional structures of Src 
family kinases that appear to correspond to residues identified 
in our study (30, 31). The substrate specificity of Src differs 
from that of Abl at the P+3 position (10). Src prefers a phenyl- 
alanine at the P+3 position in a peptide substrate, whereas Abl 
prefers proline. The residue homologous to tyrosine 569, a 
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Fig. 5. Initial comparisons of wild- 
type and mutant forms of Abl (G556V, 
G556A, L444K, L444E, S558N, S558A, 
W525H, and W525F) with P-1 pep- 
tide variants. Each of the eight mutant 
forms of Abl shown here was tested with a 
panel of five peptides: P-l^, P-l Gln , 
P-ln«. P-1 giu» and P-l Hi8 . The incorpo- 
ration of [ 32 P] phosphate into peptides was 
detennined after a 20-min reaction using 
the phosphocellulose paper assay. 




Wild Type S558N S558A W525H W525F 






Wild Type G556V G556A L444K L444E 



Table IV 

Kinetic measurements for wild-type Abl and six mutant forms of Abl (L444K, L444E, S558N, G556V, W525H, and W525F) 



Enzyme/peptide combinations were chosen based on initial comparisons of enzymatic activity toward all P-1 peptides (Fig. 5). Kinetic constants 
for those enzyme/peptide combinations with significant changes from the wild type are shown. To compare phosphorylation of a particular peptide 
by mutant versus wild type, the V me JK m value for the mutant was divided by tie value for the wild type. This ratio is given in the last column. 



Enzyme 


v 

max 


K m 




V mi JK m 
ratio 




nmol/min/mg 


mti 






Wild type 










P-ln. 


4.9 ± 0.5 


0.4 ± 0.05 


12.3 


1.0 f 


P-1g.„ 


1.8 ± 0.3 


1.4 ± 0.1 


1.3 


1.0 




0.6 ± 0.1 


0.8 ± 0.1 


0.8 


1.0 


P-l Hi . 


4.1 ± 0.4 


0.6 ± 0.1 


6.8 


1.0 


L444K 










P-ln. 


18.9 ± 3.3 


0.9 ± 0.3 


21.0 


1.7 


P-lo.« 




ND 


0.5 


0.4 


P-l Hi . 


10.4 ± 1.9 


1.3 ± 0.3 


8.0 


1.2 4 


L444E 










P-1... 


13.2 ± 1.4 


0.7 ± 0.1 


18.9 


1.5 


P-lou, 


ND 


ND 


0.07 


0.05 


P-Ihu 


5.8 ± 0.7 


0.4 ± 0.1 


14.5 


2.1 


S558N 










P-1... 


3.6 ± 0.4 


0.3 ± 0.04 


12.0 


1.0 


P-1g.« 


ND 


ND 


0.08 


0.06 


P-Ih.. 


1.3 ± 0.1 


0.2 ± 0.03 


5.4 


0.8 


G55SV 










P-ln. 


2.5 ± 0.3 


0.6 ± 0.1 


4.2 


0.3 


P-1l.u 


1.3 ± 0.1 


0.7 ± 0.1 


1.9 


2.3 


W52SH 










P-ln. 


5.1 ± 0.6 


0.4 ± 0.04 


12.8 


1.0 


P-1g.„ 


2.3 ± 0.3 


0.7 ± 0.1 


3.3 


2.5 


P-Ihi. 


3.0 ± 0.3 


1.5 ± 0.2 


2.0 


0.3 


W525F 










P-ln. 


4.5 ± 0.5 


0.6 ± 0.1 


7.5 


0.6 


P 1qi u 


2.0 ± 0.4 


1.3 ± 0.2 


1.5 


1.2 


P-Ihu 


3.4 ± 0.4 


0.5 ± 0.1 


6.8 


1.0 



* ND, not determined (see "Experimental Procedures"). 
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residue involved in P+3 specificity in Abl (Fig. 3), is a leucine 
(Leu-472) in Src. This sequence difference may account for the 
differences seen in substrate specificity; an L472Y mutant of 
Src might phosphorylate P+Sp^ontaining peptides more ef- 
ficiently. A tryptophan substitution at this position could pre- 
vent large side chain amino acids from binding in this region, 
as we observed for Abl. 

The substrate specificities of tyrosine kinase catalytic do- 
mains are important in maintaining the fidelity of cellular 
signal transduction pathways. This is best illustrated in the 
case of the RET receptor. A naturally occurring mutation in the 
kinase domain of this receptor changes a methionine residue to 
a threonine residue in a region homologous to the region of Abl 
shown here to be involved in substrate recognition of the P+l 
residue (32, 33). This change affects the substrate specificity of 
the enzyme at the P+l position, changing the preference from 
methionine at that position in the substrate to alanine (10). 
This mutant form of the RET receptor is implicated in multiple 
endocrine neoplasia type 2A (32, 33). 

Mutations throughout the Abl protein have been reported 
previously (4). Many of these mutations affect the regulation of 
the enzyme in vivo. One such mutation, which is sufficient to 
activate c-Abl enzymatic activity in vivo, is found in the cata- 
lytic domain. This mutation changes a tyrosine to phenylala- 
nine within the ATP-binding fold of the enzyme (34). Mutations 
that affect substrate recognition by the catalytic domain, how- 
ever, have not been reported previously. Our studies on Abl 
have highlighted seven residues as playing important roles in 
peptide substrate recognition. We also show that a single 
amino acid change of Tyr-569 to tryptophan can affect the 
substrate specificity dramatically. The results raise the possi- 
bility of altering tyrosine kinase substrate specificity in vivo by 
protein engineering. 

Acknowledgment — We thank Professor Stevan Hubbard (New York 
University Medical School) for helpful comments on the manuscript. 
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Several tyrosine phosphorylation sites in the insulin 
receptor kinase substrate IRS-1 are predicted to be 
within Tyr-Met-X-Met (YMXM) motifs, and synthetic 
peptides corresponding to these sequences are excel- 
lent substrates for the insulin receptor kinase in vitro 
(Shoelson, S. Chatterjee, S., Chaudhuri, M., and 
White, M. F. (1992) Proc. Natl. Acad. Sci. V. S. A 89, 
2027-2031). In this study, YMXM-containing peptides 
are shown to act as substrates for two members of the 
nonreceptor subfamily of tyrosine kinases, v-Src and 
v- Abl (the transforming gene products of Rous sarcoma 
virus and Abelson murine leukemia virus, respec- 
tively). For v-Src, a baculovirus expression system was 
used which was capable of producing milligram quan- 
tities of pure 60-kDa v-Src in Spodoptera frugiperda 
(Sf9) cells. The source of v-Abl was an Escherichia coli 
expression vector that produces a fusion protein of 
glutathione 5-transferase with the abl catalytic do- 
main. The synthetic YMXM-containing peptides had 
among the highest apparent affinities described to date 
for either tyrosine kinase, with K m values as low as 97 
MM for v-Src and v-Abl. Comparisons with the results 
obtained with the insulin receptor kinase revealed dif- 
ferences in substrate specificity among the enzymes. 
In particular, v-Src was more tolerant of substitutions 
at the Met* 1 and Met 43 positions in the YMXM motif 
than either v-Abl or the insulin receptor kinase but 
was more dependent on the presence of a preceding 
acidic amino acid. For v-Abl, the presence of threonine 
at any position in the YMXM motif caused a reduction 
in catalytic efficiency. Phosphorylated YMXM motifs 
are recognition elements for binding to the src homol- 
ogy 2 domains of phosphatidylinositol 3'-kinase and 
additional proteins; hence, differences in specificity of 
tyrosine kinases toward YMXM-containing proteins 
may have relevance to downstream signaling events. 



Tyrosine protein kinases can be divided into two broad 
categories: the nonreceptor tyrosine kinases and the receptor 
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tyrosine kinases (1). These two groups share a related cata- 
lytic domain of approximately 270 amino acids which also has 
homology to the catalytic domains of serine/threonine protein 
kinases (2). The largest subfamily of nonreceptor tyrosine 
kinases is the src subfamily, whose members are highly ho- 
mologous to v-Src, the product of the src transforming gene 
from Rous sarcoma virus. Besides shared sequences in the 
catalytic domains, enzymes in this subfamily exhibit a high 
degree of conservation in their src homology (SH) 1 2 and 3 
domains, which are thought to regulate intracellular protein- 
protein interactions (3). To date, relatively few distinctions 
have been made between receptor and nonreceptor tyrosine 
kinases with regard to the intrinsic substrate specificities of 
their catalytic domains. In vitro and in vivo studies with 
tyrosine kinases have indicated that the spectrum of sub- 
strates recognized by the two groups is largely overlapping 
(4). 

A recently identified determinant for substrate recognition 
by the insulin receptor tyrosine kinase is the Tyr-Met-X-Met 
(YMXM) motif. This sequence was identified in the context 
of potential phosphorylation sites in the IRS-1 protein, an 
endogenous substrate of the insulin receptor kinase in many 
cell types (5). The importance of YMXM and YXXM motifs 
was also inferred from sequence comparisons of receptor 
tyrosine kinase autophosphorylation sites which bind the 
phosphatidylinositol 3'-kinase (6). Synthetic peptides based 
on the YMXM sequences from IRS-1 served as substrates for 
the insulin receptor kinase in vitro, with K m values in the 24- 
100 fiM range (7). These values for K m were lower than those 
reported previously for peptides containing multiple acidic 
residues N-terminal to tyrosine. The insulin receptor tyrosine 
kinase was sensitive to amino acid substitutions at the Met +l 
and Met* 3 positions in these peptides (relative to the phos- 
phorylated tyrosine), suggesting that those positions play 
important roles in enzyme-substrate recognition (7). 

Recent evidence suggests that phosphorylated YMXM mo- 
tifs play a role in mediating specific interactions with SH2 
domains. In particular, the SH2 domains of the phosphati- 
dylinositol 3 '-kinase pS5 subunit bind to autophosphorylated 
YMXM or YXXM motifs in the platelet-derived growth factor 
receptor (8-10) and colony-stimulating factor 1 receptor (11), 
as well as in IRS-1 itself (12). The phosphotyrosine residue 
in the polyoma virus middle T antigen which directs interac- 
tion with the p86 subunit, Tyr 315 , also occurs within a YMXM 
sequence (13). Moreover, the SH2 domains of phospholipase 
C7I, GTPase-activating protein, and the p85 subunit of the 
phosphatidylinositol 3'-kinase appear to bind at distinct 
phosphotyrosine-containing sites (or combinations of sites) 

1 The abbreviations used are: SH, src homology; PAGE, polyacryl- 
amide gel electrophoresis; Nle, norleucine. 
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within the platelet-derived growth factor receptor (14), indi- 
cating that the amino acid sequences surrounding phospho- 
tyrosine are involved in specific interactions with SH2 do- 
mains. Crystallographically derived structures of the SH2 
domains from v-Src (15) and p56 kk (16) compiexed to phos- 
photyrosyl peptides, as well as NMR-derived structures of the 
peptide-free SH2 domains from c-Abl (17) and p85 (18), 
indicate that binding pockets exist for amino acids that are 
near the phosphotyrosine residue. Thus, phosphorylation of 
YMXM or YXXM motifs in cellular substrates such as IRS- 
1 may regulate the binding of SH2-containing downstream 
signaling proteins. 

In this study we compare the in vitro specificities of two 
nonreceptor tyrosine kinases for YMXM-containing sub- 
strates. We describe a baculovirus-based expression system 
for active v-Src. We have also expressed (in bacterial cells) a 
nonreceptor tyrosine kinase from a different subfamily, the 
v-Abl retroviral oncogene product from Abelson murine leu- 
kemia virus. The specificities of these enzymes are compared 
with that reported previously for the insulin receptor kinase. 

EXPERIMENTAL PROCEDURES 

Materials— The AcMNPV vector pVL941 was the kind gia of Dr. 
Max D. Summers (Texas A & M University). The hybridoma-pro- 
ducing monoclonal antibody 327 was kindly provided by Dr. Joan 
Brugge (University of Pennsylvania), and plasmid pN4 containing 
the src sequence from the Schmidt Ruppin strain of Rous sarcoma 
virus was a generous gift of Dr. Hidesaburo Hanafusa (Rockefeller 
University). Spodoptera frugiperda (Sf9) ceils were obtained from the 
American Tissue Culture Corporation. The plasmid encoding the 
glutathione 5-transferase/aM fusion protein was generously provided 
by Dr. Bruce Mayer (Rockefeller University). Solid phase peptide 
synthesis was carried out on an Applied Biosystems model 430A 
synthesizer using a f-butoxycarbonyl protection strategy, as described 
(7). Peptides were purified by preparative high pressure liquid chro- 
matography on a Dynamax-300 A 12-fun C8 column with a mobile 
phase composed of acetonitrile in 0.05% trifluoroacetic acid and were 
characterized by amino acid analysis. 

Ex-cell 401 medium was from JRH Biosciences, and antibiotic/ 
antimycotic and fetal bovine serum were from Life Technologies, Inc. 
Affi-Gel A- 15 was purchased from Bio-Rad, and glutathione-agarose 
was from Molecular Probes, Inc. Phosphoceliulose P-81 paper was 
obtained from Whatman. fr-^PJATP was from Amersham Corp., 
and Centricon-30 concentrators were purchased from Amicon. 

Construction of the Transfer Vecto pVL941-src—The pBR322 plas- 
mid pN4 (19) bearing the src sequence was digested with the restric- 
tion enzymes Ncol and Bg(l t and the 1,672-base pair fragment was 
isolated on a gel. The Nrul site downstream of the src coding sequence 
had been changed to a Bglll site in this plasmid by linker insertion 
(19). The recessed ends of this fragment were filled in with deoxyn- 
ucleotides using the Klenow fragment (20) and cloned into the BamHl 
site of the baculovirus transfer vector p VL941 and used to transform 
Escherichia coli strain HB101. DNA from bacterial colonies bearing 
the plasmid with the insert in the correct orientation downstream of 
the polyhedrin promoter was isolated by the alkaline lysis method 
and purified twice on a CsCl 2 density gradient. Wild-type AcMNPV 
DNA was isolated according to the method of Summers and Smith 
(21). 

Transfer of the src Gene into AcMNPV Genome— Transfer of the 
src gene was achieved by cotransfection of pVL941-src and AcMNPV 
DNA into exponentially growing Sf9 cells by the calcium phosphate 
precipitation technique (23), as modified for insect cells (23, 24). 
Approximately 2 x 10* S£9 cells were transfected with 1 ng of 
AcMNPV DNA and 2 ^g of pVL941-sre DNA. After 6 days the 
supernatant from the transfection culture (virus titer 1 x 10* plaque- 
forming units/ml) was serially diluted and used to infect fresh S£9 
cells and overlayed with 1.5% agarose. 

Expression of u-Src in Sf9 Cells— Sf9 cells were grown in Ex-cell 
401 medium supplemented with 2.5% fetal bovine serum and 1% 
antibiotic-antimycotic and maintained at 28 *C as described (21). 
Viral stocks were titered using a plaque assay. Serial dilutions of viral 
stocks were used to infect exponentially growing Sf9 cells in 60 x 15- 
mm tissue culture dishes at cell densities of 1.5 X 10* cells/dish. After 
1-h incubations, viral supernatant was removed, and the dishes were 



overlaid with 1.5% low melting temperature agarose in Ex-cell 401. 
Occlusion-negative plaques formed after 4-5 days and were visualized 
by neutral red staining. Two rounds of plaque purification were 
carried out to obtain pure recombinant virus for large scale infections. 

To screen for expression of v-Src by recombinant viruses, viral 
plaques were used to infect 5 x 10* cells in 24-well microtiter plates. 
Pour days after infection, SB cells were analyzed for v-Src expression 
by SDS-polyacrylamide gel electrophoresis (SDS-PAGE). Samples of 
the infected cells (1.5 ml) were harvested, resuspended in Laemmli 2 
x SDS/sample buffer (25), boiled, and electrophoresed on 7.5% SDS- 
PAGE with Coomassie Blue staining. To confirm the presence of 
active v-Src, an additional sample from the infected cells was collected 
and resuspended in homogenization buffer (25 mM HEPES (pH 7.5), 
5 mM EDTA, 150 mM NaCl, 1% Triton X-100, 5 j*g/ml leupeptin, 5 
pg/ml aprotinin, 1 mM phenylmethylsulfonyl fluoride). This sample 
was homogenized in a Potter-Elvhejem homogenizer and analyzed for 
tyrosine kinase activity using the phosphoceliulose binding assay (26) 
with [Val 6 ]angiotenain II as substrate (27) (see below). 

For large scale infections of Sf9 cells, 1 liter of exponentially 
growing cells in a Spinner culture flask (cell density 2 x 10* cells/ml) 
was centrifuged for 10 min at 1,000 x g. The cell pellet was resus- 
pended in 100 ml of medium supplemented with recombinant Ac- 
MNPV -src virus at a multiplicity of infection of 10 and incubated for 
1 h. Additional medium (900 ml) was then added, and the culture was 
incubated for 3 days at 28 *C with constant stirring. The cells were 
harvested by centrifugation at 1,000 x g and stored at -80 *C until 
ready to be used for protein purification. 

Purification of v-Src— Frozen Sf9 cells from a 1-liter infection were 
resuspended in 100 ml of homogenization buffer (see above) and 
homogenized in a 150-ml Potter-Elvhejem homogenizer. An addi- 
tional 100 ml of homogenization buffer was added to this homogenate, 
and the mixture was stirred for 30 min at 4 *C and then centrifuged 
for 30 min at 12,000 x g. 

The supernatant was applied to a 2.5 x 10-cm Affi-Gel 15 column 
containing immobilized anti-src monoclonal antibody 327 (28). The 
column was constructed by coupling antibody 327 (IgG fraction 
purified from mouse ascites fluid by Affi-Gel Blue chromatography 
(29)) to the activated support at 5 mg/ml following the protocol 
recommended by the manufacturer. The homogenate was loaded onto 
the column at a flow rate of 2 ml/min, and the flow-through was 
collected and passed over the column twice more to optimize binding. 
The column was washed for 8 h with 25 mM HEPES (pH 7.5), 300 
mM NaCl, 1% Triton X-100, 0.1% sodium deoxycholate, 5 mM EDTA. 
The column was eluted with 10 mM glycine-NaOH buffer (pH 10.2) 
containing 150 mM NaCl, 1% Triton X-100, and 10% glycerol. Five- 
mi fractions were collected and neutralized immediately with 0.8 ml 
of 0.5 M Tris-HCl (pH 8). The fractions were analyzed for tyrosine 
kinase activity using the phosphoceliulose paper assay described 
below with (Val 5 )angiotensin II as substrate. Active fractions were 
pooled, concentrated by passage over Centriprep-30 concentrators 
(Amicon), and stored in 40% glycerol at -20 *C; under these condi- 
tions v-Src remained active for up to 2 months. These samples were 
> 95% pure as judged by SDS-PAGE and Coomassie Blue staining. 

Expression and Purification of v-Abl Fusion Protein— Expression 
and purification of the glutathione S-transferase fusion protein was 
performed as described (30). A 50- ml overnight culture of E. coli 
strain NB42 harboring plasmid pGEX-Cat was inoculated into 1 liter 
of LB broth containing ampicillin (50 /ig/ml). The culture was incu- 
bated for 2 h at 37 *C, at which time isopropyl l-thio-0-D-galactopy- 
ranoside was added to a final concentration of 0.1 mM. The culture 
was grown for an additional 3 h at 30 °C and then centrifuged (6,000 
rpm for 10 min). The pellet was resuspended in 10 ml of ice-cold lysis 
buffer (50 mM HEPES (pH 7.4), 100 mM NaCl, 100 mM EDTA, 1% 
Triton X-100, 10 mM dithiothreitol, 10% glycerol, 1 mM phenylmeth- 
ylsulfonyl fluoride, 50 /*g/ml aprotinin). The cells were lysed by 
sonication, and the lysate was clarified by centrifugation at 10,000 X 
g for 20 min. 

The supernatant was mixed with 5 ml of glutathione-agarose at 
4 °C for 30 min. The beads were collected by centrifugation (1,000 
rpm, 1 min) and washed four times with 50 mM HEPES (pH 7.4) 
containing 100 mM EDTA. The beads were then poured into a 1 X 
6.4-cm column and washed for 1 column volume with the HEPES 
buffer and for an additional column volume with 50 mM Tris (pH 
8.0). Elution of the glutathione S-transferase-cW fusion protein was 
carried out with 50 mM Tris (pH 8.0) containing 10 mM reduced 
glutathione. One-ml fractions were collected and tested for tyrosine 
kinase activity using the phosphoceliulose paper assay with [Val 6 ] 
angiotensin II as substrate. Active fractions were pooled, concentrated 
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Fig. 1. Purification of v-Src from Sf9 cells. SDS-PAGE 
analysis is shown of the fractions eluting from the anti-src immu- 
noaffinity column. Lanes 1 and 14, molecular mass standards; lanes 
2-//, column fractions from high pH elution; lane 12, active v-Src 
from an earlier preparation; lane 13, pooled material from lanes 2- 11. 
Protein bands were visualized by Coomasaie Blue staining. 

using Centrtcon-30 microconcentrators, and stored in 40% glycerol 
at -20 *C. The fusion protein was at least 95% pure as judged by 
SDS-PAGE with Coomassie Blue staining. 

Kinetics of Peptide Pkpsphorylotion--PhosphoTy{aiion assays were 
carried out in total volumes of 25 n\ at 30 "C. Each reaction contained 
50 mM Trts-HCl <pH 7.4), 10 mM MgCl 3 , I mg/mi bovine serum 
albumin, and 200 fiM h-^PJATP {100-500 cpm/pmol), with varying 
peptide concentrations. Reactions were initiated by the addition of I 
Ml of v-Src (0.7 jtg) or 2 #it of the glutathione S-transferase-a6* fusion 
protein (0.7 M g) and were terminated by the addition of 45 >1 of cold 
10% trichloroacetic acid. The reaction mixtures were eentrifuged for 
2 mi n in an Eppendorf microcentrifuge, and 35 *4 of the superriatants 
was spotted onto 2.1-cm diameter phosphocelluiose paper circles, as 
described (26) ; The phosphocelluiose pads were washed three times 
with cold 0.5% phosphoric acid and once with acetone, dried, and 
counted dry in a liquid scintillation counter to measure incorporation 
of 3i P into peptide. The initial rates of reaction (5%) were measured 
in triplicate, and kinetic constants were determined by weighted 
nonlinear least squares tit to the hyperbolic velocity versus [substrate) 
plots using the iterative program NFIT (Island Products, Galveston, 
TX). 

RESULTS 

Expression and Purification of v-Src— The expression of 
the Rous sarcoma virus v-src gene product; for these studies 
was carried out in Sf9 cells infected with a recombinant 
baculovirus harboring the v-src gene. Maximal expression of 
v-Src in this system occurred on the 3rd day after infection, 
at which time the Sf9 cells were still round and excluded 
trypan blue. The baculovirus expression vector used for these 
studies produces a mature, 60-kDa form of v-Src which is 
myristoylated and which localizes to the plasma membrane 
as demonstrated by immunofluorescence microscopy. 2 

Occlusion-negative viruses were screened for v-Src expres- 
sion by SDS-PAGE of crude cell iysates from: infected cells. 
Specific expression of a protein of the expected molecular 
mass (60 kDa) in infected cells was visualized by Coomassie 
staining (Fig. 1). In addition, crude cell Iysates from infected 
cells were tested for tyrosine kinase activity with the phos- 
phocelluiose paper assay (26) using [Val 6 ] angiotensin II as 
substrate. These results indicated that the infected Sf9 cells 
expressed active v-Src (activity « 1.5 nmol of phosphate 
transferred/min/10 6 cells). Baculovi ruses expressing v-Src 
were subjected to two more rounds of plaque purification prior 
to large scale infection of Sf9 cells. 

The purification strategy for v-Src was based on an immu- 
noaffinity column containing antirsrc antibody 327 (28). The 

* S. George and A. Goldberg, unpublished observations. 



enzyme was eluted from the column by using a pH 10.2 buffer 
and was neutralized immediately after elution to pH 8.0. This 
step was found to be crucial for recovery of active tyrosine 
kinase. The purified enzyme migrated as a single band with 
an apparent molecular mass of 60 kDa on SDS-PAGE (Fig. 
1). Using the phosphocelluiose paper assay, the haculovirus- 
expressed enzyme exhibited a K m of 0.9 mM for [Val 5 ] angio- 
tensin II and a V mtt of 7.3 nmol/min/mg of enzyme. These 
values are in good agreement with previously determined 
values for this substrate using v-Src from Rous sarcoma virus - 
transformed cells (K m = 0.87 mM; V m « = 6.7 nmol/min/mg) 
(27) or expressed in yeast (K^ = 0.94 mM; V™, = 10.6 nmol/ 
min/mg) (31). Neither of these two enzyme preparations 
involved a denaturing step; hence, the brief exposure of the 
enzyme to high pH in^he present purification does not appear 
to reduce specific activity significantly. 

Phosphorylation of YMXM Peptides by v-Src— Peptides 
corresponding to the six sequences of YMXM motifs from the, 
insulin receptor kinase substrate IRS- 1 were tested for phos- 
phorylation by purified v-Src (Table I). These peptides have 
recently been shown to serve as excellent in vitro substrates 
for the insulin receptor kinase (7). Additional peptides pos- 
sessing single amino acid substitutions in the YMXM motif 
from the Tyr m site of IRS-i were also tested as substrates 
for v-Src (Table I). These, included peptides containing sub- 
stitutions for Met 8 * 8 and Met** within the YMXM motif as 
well as an Asp 986 — * Asn substitution. Finally, a synthetic 
peptide corresponding to the sequence of the YMXM motif 
from the polyoma virus middle T antigen was prepared and 
tested for phosphorylation by v-Src. This protein forms a 1:1 
complex with c-Src, the cellular form of v-Src (32), and is 
phosphorylated in vivo at Tyr 115 within its YMXM motif (13). 
In each case, if sufficient basic residues were not present 
within the native sequence for absorption to phosphocelluiose 
paper under the acidic conditions of the assay (26), additional 
lysine residues were added to the N terminus. 

With one exception (the Asp 1 * 86 — > Asn analog of the Y987 
sequence), all peptides tested served as substrates for the 
baculovirus-expressed v-Src kinase (Table I). Kinetic meas- 
urements were obtained using the phosphocelluiose binding 
assay with [y-^PJATP. Experiments were performed at sat- 
urating concentrations of ATP (200 m) and Mg 2 * (10 mM) 
to arrive at values of K m and V mtt% for the peptides. For several 
of the peptides, these values compare favorably with those of 
the best peptide substrates for v-Src (4, 33). Values of K m for 
the YMXM peptides ranged from 97 to 1,700 mm, and values 
of ranged from 1.0 to 6.1 nmol/min/mg of enzyme. Of 
the six peptides derived from potential phosphorylation sites 
in IRS-1, the Y987 peptide was the most efficient {K^JK^ = 
2.5 x 10? m" 1 mhV" 1 ). This peptide was therefore chosen to 
examine the effects of substitutions within the YMXM motif. 

In the case of the Y987 peptide, the K m for peptide (300 
^m) was not dramatically affected by substitutions at posi- 
tions corresponding to Met* 88 (Met* 1 ) (Table I). Substitutions 
of Met +1 — » He and Met* 1 — ► norleucine (Nle) increased the 
K m for phosphorylation to 390 and 310 fiM r respectively, 
whereas a Mer 1 —* Thr substitution decreased K m to 250 mM. 
v-Src was also tolerant to substitutions at the Met <J9 ° (Met* 3 ) 
position; the Met* 3 ■— » Thr peptide gave a slight reduction in 
K m compared with the parent Y987 peptide (to 240 /*M). 
Because this substitution caused a significant reduction of 
phosphorylation by the insulin receptor kinase (the Met* 3 — ► 
Thr peptide was the poorest of all substrates tested for that 
enzyme (7)), this is a point of contrast between the two 
enzymes with regard to specificity for the YMXM substrates 
(see below, under "Discussion"). 
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Table I 

Phosphorylation of IRS-1 peptides by v-Src 
The synthetic peptides are named according to the position of tyrosine in the sequence of IRS-1- YMXM specificity motifs are underlined, 
and non-native amino acid substitutions within YMXM motifs are in boldface. Experiments were performed at 50 mM Tris, pH 7.4, at 30 a C 
using the phosphocellulose paper assay. Reactions were carried out at saturating concentrations of ATP, and kinetic constants (± S.E.) were 
determined as described under "Experimental Procedures.** 





oequsncG 














nmol/min/mg 


M~ l min~ x 


YMXM motifs from IRS-I 








1.1 X 10* 


Y608 


KKHTDDGYMPMSPGVA 


1,700 ± 260 


1.5 ± 0.2 


Y628 


RKGNGDGYMPMSPKSV 


940 ±170 


4.0 ± 0.3 


5.0 X 10 2 


Y658 


KKRVDPNGYMAfSPSGS 


630 ± 240 


1.0 ±0.2 


1.9 X 10 3 


Y727 


KKKLPATGDYMNMSPVGD 


220 ±50 


1.0 ± 0.1 


4.1 X 10 s 


Y939 


KKGSEEYMNMDLGPGR 


1,300 ± 410 


1.9 ±0.3 


1.7 X 10 2 


Y987 


KKSRGDYMTMQIG 


300 ± 100 


6.1 ± 0.7 


2.5 X 10 s 


Phosphorylation site of polyoma middle T 






7.4 X 10 3 


Middle T 


KKKEEEEEEYMPMEDL 


97 ±37 


6.1 ± 1.2 


Y987 and modified Y987 sequences 








2.5 X 10 3 


Y987 


KKSRGDYMTMQIG 


300 ±100 


6.1 ± 0.7 


Y987(Asp 986 -*Asn) 


KKSRGNYMTMQIG 


Not phosphorylated 




3.0 X 10 2 


Y987(Met*» — Ife) 


KKSRGDYXTMQIG 


390 ±150 


1.0 ±0.2 


Y987(Met M8 ->Thr) 


KKSRGDYTTMQIG 


250±50 


2.5 ± 0.2 


I^XIO 3 


Y987(Met« 8 -*Nle) 


KKSRGDY - N le - TMQIG 


310 ±80 


4.4 ± 0.3 


1.7 x 10 3 


Y987(Met 990 — Thr) 


KKSRGDYMTTQIG 


240 ±40 


1.6 ± 0.2 


8.1 x 10* 



The peptide substrate based on the YMXM motif from the 
polyoma virus middle T antigen was the best substrate for v- 
Src, with the lowest K m of the group (97 iM) and, together 
with the Y987 peptide, the highest (6*1 nmol/min/mg). 
The importance of acidic residues N-terminal to the phos- 
phorylated tyrosine in this and other peptides is indicated by 
the result that the Asp 988 -» Asn analog of the Y987 peptide 
was inactive (K m > 4 mM) in our phosphorylation assay (Table 
I). 

Phosphorylation of YMXM Substrates by v-Abl— To deter- 
mine whether recognition of YMXM -containing peptides is a 
general property of nonreceptor tyrosine kinases, we studied 
phosphorylation of these peptides by a fusion protein contain- 
ing the catalytic domain of v-Abl. In this protein, v-abl cata- 
lytic sequences {residues Pro^-Leu 609 ) are fused to the C 
terminus of the 26-kDa glutathione ^-transferase, allowing 
purification of the protein under nondenaturing conditions 
by absorption to glutathione-agarose, followed by elution with 
excess reduced glutathione (30). Although a portion of the 
glutathione S-transferase-abJ fusion protein was isolated in a 
soluble form, the majority of the protein was lost as a pellet 
in the clarifying centrifugation step after the bacterial cells 
were sonicated This loss might be because of the insolubility 
of the expressed protein or coaggregation with bacterial mem- 
branes. Because of the low yield of soluble fusion protein (« 
100 pg/ttter of cells), we were unable to carry out the thrombin 
cleavage reaction (30) (to release the abl catalytic domain) in 
sufficient quantities for kinetic analyses. Consequently, we 
used the intact glutathione S-transferase-ao/ fusion protein 
to test for phosphorylation of the YMXM peptide substrates. 
The kinetic properties of the glutathione S-transferase»aW 
fusion protein toward [VaPjangiotensin II were K m = 3.0 mM 
and Vxbmx = 8.0 nmol/min/mg (data not shown). These meas- 
urements are comparable to those measured previously for 
the entire v-Abl kinase domain expressed in E. coii (34) [K m 
= 3.8 mM, Vu*x = 9.2 nmol/min/mg enzyme), suggesting that 
the specific activity and substrate specificity of the glutathi- 
one S-transferase-aW fusion protein is similar to that of full- 
length v-Abl. However, the specific activity was lower than 
that reported for a fusion protein containing SV40 small t 
produced in E. coli (K m = 3.7 mM, = 1250 nmol/min/ 
mg) (35). 



The YMXM peptides were substrates for the v-Abl fusion 
protein (Table II). K m values for these peptide varied widely, 
from a low of 97 mM (middle T peptide) to a value too high to 
measure (Tyr 987 , Met 888 -» Thr variant). The catalytic effi- 
ciency (hat/Km) of v-Abl for several of the YMXM substrates 
exceeded that of v-Src, and distinctions between the specific- 
ities of the two enzymes were apparent. In terms of K*JK m > 
the Y608 and Y658 peptides were the best substrates of the 
six IRS-1 motifs for v-Abl, whereas the Y987 and Y628 
sequences were superior for v-Src (compare Tables I and II). 
At the Met +1 position, v-Abl, like v-Src, readily accommo- 
dated substitutions of lie or Nle; unlike v-Src, a Thr +1 substi- 
tution completely abolished phosphorylation by v-Abl (Tables 
I and II). At the Met* 3 position, substitution with Thr in- 
creased K m by a factor of 5.2 (Table II). 

DISCUSSION 

One common feature of tyrosine kinase substrates is the 
presence of negatively charged amino acids in positions prox- 
imal to the phosphorylated tyrosine (4, 33). The number and 
spacing of these residues, however, vary from substrate to 
substrate, making it difficult to define a "consensus sequence'' 
for tyrosine phosphorylation. Furthermore, receptor and non- 
receptor tyrosine kinases have overlapping specificities with 
regard to synthetic peptide substrates containing acidic resi- 
dues (4, 33), so these studies have not identified clearly defined 
recognition motifs for the various tyrosine kinases. 

The present study was designed to test the efficacy of the 
YMXM motif, a determinant for phosphorylation for the 
insulin receptor kinase in vivo and in vitro t in reactions with 
nonreceptor tyrosine kinases. Although it is not known 
whether the YMXM motifs of IRS-1 are phosphorylated by 
v-Src or v-Abl, the polyoma virus middle T antigen has been 
shown to be phosphorylated in vivo by Src within its YMXM 
motif. These results raise the possibility that YMXM motifs 
may serve as general recognition elements for v-Src. More- 
over, interleukin 4 treatment of murine FDC myeloid cells 
results in association of IRS-1 with the phosphatidylinositol 
3' -kinase, presumably through the phosphorylation of IRS-1 
by an unidentified nonreceptor tyrosine kinase (22). 

A baculovirus-based expression system was chosen for these 
studies. Expression of active v-Src in the baculovirus system 
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Table II 

Phosphorylation ofIRS-] peptides by v-Abl 
Kinetic constants (± S.E.) were determined using the phoaphocellulose paper assay, as described in the legend to Table I. 



Peptide 



Sequence 









Hid 


nmot/min/mg 


AT 1 min' 1 


160 ±20 


5.2 ± 1.8 


1.9 x 10 8 


1,670 ± 200 


8.7 ± 2.6 


3.0 x 10* 


190±20 


8.8 ± 2.2 


2.7 X 10 s 


2,000 ±670 


10.1 ± 2.5 


3.0 X 10* 


770 ±100 


1.4 ±0.1 


1.2 X 10* 


520 ± 170 


0.9 ± 0.1 


1.0 X 10 2 


97 ±29 


19.9 ± 3.4 


1.2 x 10 4 


520 ± 170 


0.9 ±0.1 


1.0 X 10* 


Not phosphorylated 






Not phosphorylated 






140 ± 10 


3.4 ±0.7 


1.4 X 10 3 


150 ±30 


1.1 ± 0.1 


4.7 X 10 2 


2,700 ±460 


3.3 ± 0.2 


7.6 X 10 



YMXM motifs from IRS-1 
Y608 
Y628 
Y658 
Y727 
Y939 
Y987 

Phosphorylation site of polyoma middle T 

Middle T 
Y987 and modified Y987 sequences 

Y987 

Y987(Asp W6 -*Asp) 
Y987 (Met 984 -> Thr) 
Y987 (Met 988 — He) 
Y987 (Met 888 — Nle) 
Y987 (Met 990 — Thr) 



KKHTDDG YMPM SPGVA 

RKGNGDGYMPMS PKS V 

KKRVDPNGYMMMSPSGS 

KKKLPATG DYMNM SPVGD 

KKGSEE YMNMD LGPGR 

KKSRG DYMTM QIG 

KKKEEEEE EYMPME DL 

KKSRGD YMTM QIG 

KKSRGNYMTWQIG 

KKSRG DYTTM QIG 

KKSRG DYITM QIG 

KKSRG DY - Nl e - TMQIG 

KKSRG DYMTT QIG 



occurs at a higher level than that reported in transformed 
cells (36, 37) or in yeast (31). v-Src expressed in Sf9 cells has 
been shown previously to associate with and phosphorylate 
Ras GTPase-activating protein in- vivo and in cell lysates, 
arguing that normal specificity is preserved in this system 
(38). The combination of baculovirus expression and iramu- 
noaffinity purification used here has also been applied re- 
cently to the study of c-Src (39). In both cases the tyrosine 
kinases are purified in a native and active form in high yield. 

Synthetic peptides containing YMXM motifs were phos- 
phorylated by the v-Src and v-Abl tyrosine kinases (Tables I 
and II). The range of K m values determined for v-Src was 97 
MM-1.7 mM, with the exception of the Tyr 987 (Asp 986 -* Asn) 
peptide, which was not phosphorylated within the detection 
limits of our assay. Several of the peptides had K m values < 
440 (OA, which is the lowest K m reported previously for an in 
vitro peptide substrate of v-Src (31). (An exception is Raytide, 
a peptide supplied by Oncogene Science, Inc. with a Km of 100 
mM for v-Src, However, neither the sequence of this peptide 
nor the conditions used for the K m determination are supplied 
by the manufacturer.) In terms of K m and KJK m> these 
YMXM-containing peptides are among the best peptide sub- 
strates for v-Src. 

Importantly, there were differences in the primary sequence 
preferences within the YMXM substrates between the insulin 
receptor kinase, v-Src, and v-Abl. In particular, substitutions 
at the Met* 1 and Met* 3 positions were less detrimental to 
catalytic efficiency with v-Src than with the insulin receptor 
kinase. Whereas a Met* 3 — ► Thr substitution in the Y987 
peptide decreased for the insulin receptor kinase by ~ 

12-fold (7), this substitution had only a modest effect on K m 
and Vaa, for v-Src (Table I). At the Met* 1 position of the 
Y987 peptide, substitutions of He, Thr, or Nle had little effect 
on K m for v-Src, whereas substitutions of He or Nle increased 
K m by 3- and 7-fold, respectively, for the insulin receptor 
kinase (7). The ability of norleucine to replace methionine at 
the Met* 1 position may indicate that both kinases prefer an 
unbranched hydrophobic side chain next to the phosphoryl- 
able tyrosine (7). Another point of contrast between the two 
tyrosine kinases is evident from the result with the Tyr 9 * 7 
(Asp 086 — Asn) peptide. Although this substitution gave a 
relatively modest (2.6- fold) reduction in k^/Km for the insulin 
receptor, it reduced phosphorylation by v-Src to below de- 
tectable limits. Thus, as seen previously for other peptides 
(4), the presence of acidic residues N-terminal to tyrosine 



appears to be an essential component for recognition of 
YMXM motifs by v-Src. 

To test whether these results were generally applicable to 
the nonreceptor subfamily of tyrosine kinases, the peptides 
were also used in phosphorylation assays with a v-Abl fusion 
protein. Several of these peptides were excellent substrates 
for the enzyme; the best peptide in the series was the middle 
T peptide (KJK m » 1.2 x 10< m" 1 min" 1 ). Of the YMXM 
peptides derived from the sequence of IRS-1, the most effi- 
cient substrates for v-Abl (in terms of k^t/K m ) were the Y608 
and Y658 substrates. In contrast to v-Src and the insulin 
receptor kinase, the Y608 and Y658 peptides had higher k^J 
K m values than the Y987 peptide (by 19- and 27-fold, respec- 
tively). The Y987 peptide, with Thr at the +2 position, is the 
poorest of the six YMXM peptides for v-Abl. Threonine at 
any position in the YMXM motif appears to be a negative 
determinant for phosphorylation by v-Abl. Substitution of 
Thr for Met* 3 causes an increase in K m for both v-Abl (5- 
foid) and the insulin receptor kinase (10.9 -fold). Substitution 
at the Met* 1 position with Thr causes a reduction in catalytic 
efficiency to below detectable levels, whereas substitutions 
with He or Nle cause an increase in overall catalytic efficiency. 

The insulin receptor kinase exhibited much lower K m values 
(24-92 mm) and much higher k^ x /K m values (0.6-2.1 x 10* M~ l 
s -1 ) for this series of peptides than did v-Src or v-Abl. Peptide 
substrates have generally been phosphorylated more effi- 
ciently by receptor tyrosine kinases than by nonreceptor 
tyrosine kinases (4, 33), perhaps indicating in the latter case 
that specificity is governed to a larger extent by the three- 
dimensional structure of the substrate (31, 40) or by recogni- 
tion elements that lie outside the immediate sequences sur- 
rounding tyrosine. 

In conclusion, in addition to being substrates for the insulin 
receptor kinase, YMXM -containing peptides are recognized 
by the v-Src and v-Abl nonreceptor tyrosine kinases. Al- 
though these enzymes share common recognition motifs in 
the sequence surrounding the tyrosine phosphoacceptor site, 
their ability to discriminate among divergent peptide se- 
quences is kinase-specific. YMXM sequences, particularly 
when preceded by acidic amino acids, may constitute a target 
site for phosphorylation by nonreceptor tyrosine kinases. The 
observation that phospho-YMXM sequences differ with re- 
gard to their SH2 domain binding specificity indicates that 
selective phosphorylation of YMXM motifs may play a role 
in signal transduction. 
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Hck and Src are members of the Src family of protein- 
tyrosine kinases that carry out distinct and overlapping 
functions in vivo (Lowell, C. A., Niwa, M., Soriano, P., and 
Varmus, H. E. (1996) Blood 87, 1780-1792). In an attempt 
to understand how Hck and Src can function both inde- 
pendently and in concert, we have compared 1) their in 
vitro substrate specificity and 2) the accessibility of 
their Src homology 2 (SH2) domain. Using several syn- 
thetic peptides, we have demonstrated that Hck and Src 
recognize similar structural features in the substrate 
peptides, suggesting that both kinases have the intrinsic 
ability to carry out overlapping cellular functions by 
phosphorylating similar cellular proteins in vivo. Using 
a phosphotyrosine-containing peptide that has previ- 
ously been shown to bind the SH2 domain of Src family 
kinases with high affinity, we found that although Src 
could bind to the phosphopeptide, Hck showed no inter- 
action. The inability of Hck to bind the phosphopeptide 
was not a result of a stable intramolecular interaction 
between its SH2 domain and C-terminal regulatory 
phosphotyrosine residue (Tyr-520), as most Hck mole- 
cules in the purified Hck preparation were not tyrosine- 
phosphorylated. In contrast to intact Hck, a recombi- 
nant truncation analog of Hck was able to bind the 
phosphopeptide with an affinity similar to that of the 
Src SH2 domain, suggesting that conformational con- 
straints are imposed on intact Hck that limit accessibil- 
ity of its SH2 domain to the phosphopeptide. Further- 
more, the difference in SH2 domain accessibility is a 
potential mechanism that enables Src and Hck to per- 
form their respective unique functions by 1) targeting 
them to different subcellular compartments, whereupon 
they phosphorylate different cellular proteins, and/or 2) 
facilitating direct binding to their cellular substrates. 
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The Src family of protein-tyrosine kinases, Src, Yes, Lck, 
Fyn, Lyn, Fgr, Hck, Blk, and Yrk, are nonreceptor tyrosine 
kinases, a number of which have been shown to be involved in 
a wide variety of cellular processes, ranging firom cell growth 
and proliferation to neural functions (see Ref. 1 for review). 
With the exception of a 40-70 residue unique domain, all Src 
family kinases are highly homologous in structure. The homol- 
ogous domains include (i) the fatty acid acylation domain, 
which targets the kinases to the plasma membrane, (ii) the Src 
homology 2 (SH2) 1 and Src homology 3 (SH3) domains, which 
facilitate protein-protein interactions, (iii) the kinase domain, 
and (iv) the C-terminal regulatory domain. A consensus tyro- 
sine residue in the kinase domain can readily undergo auto- 
phosphorylation; autophosphorylation of this tyrosine results 
in autoactivation of the kinase (see ref. 1 for review). In con- 
trast, phosphorylation of a tyrosine in the C-terminal regula- 
tory domain renders the kinase inactive. C-terminal Src kinase 
(CSK) and/or CSK-related kinases are responsible for phospho- 
rylating the C-terminal regulatory tyrosine. The crystal struc- 
tures of inactivated Hck and Src reveal that intramolecular 
interaction between the phosphorylated C-terminal regulatory 
tyrosine and the SH2 domain contributes to inactivation of the 
kinases (2, 3). 

In addition to stabilizing the inactive conformation of the 
kinases, the SH2 domain mediates interactions of the Src fam- 
ily kinases with other cellular proteins. The SH2 domain binds 
to a phosphotyrosine-containing motif in cellular proteins, 
whereas the SH3 domain binds to proline- rich sequences. 
Through interactions with other cellular proteins, the kinases 
can be targeted to specific subcellular compartments, where 
they have immediate access to their substrate proteins (see 
Ref. 4 for review). Furthermore, the SH2 and SH3 domains 
have been shown to mediate binding of Src to some of its 
substrates, e.g. plSQF 03 , Sin, and the focal adhesion kinase (5, 
6). For this reason, the accessibility or specificity of the SH2 
and SH3 domains of a Src family kinase can influence the 
subcellular localization of the kinase and hence the subset of 
cellular proteins available for phosphorylation by the kinase, 
as well as the direct recognition of substrate proteins. 

Sequences of phosphopeptides capable of high affinity bind- 
ing to the SH2 domain of Src family kinases have been identi- 
fied using a degenerate combinatorial phosphopeptide library 
(7). The local structure around Tyr-315 of the hamster polyoma 
virus middle T antigen was found to contain the pYEEI motif, 



1 The abbreviations used are: PAGE, polyacrylamide gel electro- 
phoresis; SH2, Src homology 2; CSK, C-terminal Src kinase; GST, 
glutathione 5-transferase; mAb, monoclonal antibody. 
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which was shown by combinatorial library studies to be pre- 
ferred by the SH2 domain of Src family kinases (7). Further 
studies showed that the synthetic middle T antigen phos- 
phopeptide containing the pYEEI motif (pYEEI peptide) can 
bind the Src family kinase SH2 domain with high affinity (7, 8). 

Previous studies by us (9) and other investigators (10) have 
shown that the local structures flanking the target tyrosine in 
substrate proteins and peptides contain structural features 
recognized by the kinase domain of several Src family mem- 
bers. Thus, short synthetic peptides are useful tools for analyz- 
ing the in vitro substrate specificities of Src family kinases. 

Targeted disruption of the src and/or hck gene in mice indi- 
cates that the two kinases carry out specific and overlapping 
functions in several cell types, including osteoclasts and macro- 
phages (11-13). In an attempt to elucidate the structural basis 
accounting for the functional specificity and redundancy of Src 
and Hck, we have used biochemical approaches to compare 
their in vitro substrate specificity and SH2 domain accessibil- 
ity. Our results reveal that the kinase domains of both Src and 
Hck recognize similar structural features in substrate pep- 
tides, indicating that both kinases have the potential to carry 
out overlapping functions by phosphorylating similar cellular 
proteins. We have also shown that the SH2 domain in intact 
Src is readily accessible to the pYEEI phosphopeptide, whereas 
it is inaccessible in intact Hck, supporting the notion that SH2 
domain accessibility of the two kinases is regulated by different 
mechanisms. Because SH2 domain accessibility is one of the 
factors determining subcellular localizations of the kinases, the 
different accessibility of the Src and Hck SH2 domains may 
target them to different subcellular localizations, whereupon 
they phosphorylate different subsets of cellular proteins, which 
may contribute in part to the differences in their different 
cellular functions. 

EXPERIMENTAL PROCEDURES 

Materials— The Sephadex G25 Fine gel filtration matrix, the FPLC 
Mono-Q (HR5/5) column, and the Mono-S (HR5/5) column were pur- 
chased from Amersham Pharmacia Biotech, Hydroxylapatite and Affi- 
Gel-15 were from Bio-Rad. The preparative reverse-phase Econosil C J8 
high performance liquid chromatography column was from Alltech 
(Deerfield, IL), and the analytical Vydac reverse-phase C 1S high per- 
formance liquid chromatography column was from Separation group 
Inc. Immobilon polyvinylidene fluoride membranes were from Millipore 
(Bedford, MA). The ECL reagents were from Amersham Pharmacia 
Biotech. The horseradish peroxidase-hnked sheep anti-rabbit IgG and 
the alkaline phosphatase-linked anti-rabbit IgG were from Silenus 
Laboratory (Hawthorn, Victoria, Australia). The polyclonal a-hck anti- 
body H1077 was a kind gift of Dr. C. Lowell (University of California, 
San Francisco, CA) (11). Hybridoma cells producing the monoclonal Src 
antibody mAb327 were kindly provided by Dr. J. Brugge (20). The 
monoclonal antiphosphotyrosine antibody (pY69) was purchased from 
ICN Pharmaceuticals Inc. (Costa Mesa, CA). The polyclonal anti-phos- 
photyrosine antibody was from Upstate Biotechnology Inc. Recombi- 
nant Src was expressed and purified as described by Bjorge et al (20). 
Less than 5% of purified Src was tyrosine-phosphorylated (20). The 
recombinant CSK was purified from Spodoptera frugiperda 9 (Sf9) cells 
infected with the recombinant baculovirus containing the csk gene, 
kindly provided by Dr. D. O. Morgan (20). 

Construction of the hck Baculovirus Vector and Generation of the 
Recombinant hck Baculovirus — The full-length hck cDNA (21) was sub- 
cloned into the Nhel site in pBlueBac II (Invitrogen Corporation, San 
Diego, CA). Sf9 insect cells (Invitrogen) were co-transfected with wild- 
type baculoviral DNA and pBB2hck by standard calcium phosphate 
transfection procedures (22). Recombinant hck baculovirus was purified 
following three rounds of plaque purification by visual screening. The 
titer of the recombinant hck baculovirus was determined, and Western 
blotting using an anti-hck antiserum (12) was used to optimize protein 
production following infection. 

Purification of Hck from Crude Cell Ly sates of Sf9 Cells Infected with 
Recombinant Hck Baculovirus— A large scale (2-liter) culture of Sf9 
cells was infected with recombinant Hck baculovirus at a multiplicity of 
infection of 1.0, and cells were harvested 3 days after infection for 
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Fig. 1. Analysis of the purity of the recombinant Hck prepa- 
ration. Recombinant Hck from baculovirus-infected Sf9 cells was pu- 
rified by chromatography on an hydroxylapatite column followed by a 
Sephacryl-200 gel filtration column. A, immunoblot analysis of the 
purified Hck preparation. B, Coomassie Blue-stained SDS gel showing 
the purity of the final Hck preparation. The SDS-PAGE and immuno- 
blot analyses reveal that the 56- and 59-kDa isoforms are the predom- 
inant proteins in the final Hck preparation. 

protein purification. All of the extraction and purification procedures 
were carried out at 4 °C. Cells were pelleted at 1000 X g for 5 min, 
washed once with Grace's serum-free medium, and homogenized in a 
buffer consisting of 25 mM Hepes, pH 7.0, 5% Nonidet P-40, 1 mM 
EDTA, 0.1 mg/ml soybean trypsin inhibitor, 0.2 mg/ml benzamidine, 0.1 
mgfail phenymethylsulfonyl fluoride, and 1 mM dithiothreitol. The ho- 
mogenate was clarified by centrifugation at 100,000 x g for 40 min. 
Recombinant Hck was purified by sequential column chromatography 
on a Q-Sepharose (Amersham Pharmacia Biotech) anion exchange col- 
umn and a hydroxylapatite column, followed by a Sephacryl-200 gel 
filtration column. At pH 7.0, the majority (>95%) of the recombinant 
Hck was eluted from the Q-Sepharose column when the column was 
washed with the column buffer. For hydroxylapatite column chroma- 
tography, the wash fraction from the Q-Sepharose column was loaded 
onto the column (length x internal diameter = 80 x 22 mm) pre- 
equilibrated with column buffer consisting of 25 mM Hepes, pH 7.0, 
0.1% Nonidet P-40, 10% glycerol, 0.2 mg/ml benzamidine, 0.1 mg/ml 
phenylmethylsulfonyl fluoride, and 1 mM dithiothreitol. After the col- 
umn was washed, bound proteins were eluted with a 200-ml linear 
gradient of 0-0.3 M potassium phosphate in column buffer (pH 7.0). 
Hck was monitored by both the protein-tyrosine kinase activity assay 
using [Lys-19]cdc2(6-20) peptide as the substrate and a-hck immuno- 
reactivity. The peak activity fractions from the hydroxylapatite column 
were pooled, concentrated to 10 ml with an Amicon concentration cell, 
and then loaded onto a Sephacryl 200 gel filtration column (length x 
internal diameter = 760 X 22 mm) pre-equilibrated with 0.2 M NaCl in 
column buffer. The peak Hck activity and immunoreactivity in the 
eluted column fractions were determined. SDS-PAGE revealed that the 
56- and 59-kDa isoforms of Hck are the major proteins in the final 
preparation after S-200 column chromatography (Fig. 1). 

Construction of the Vectors for the Expression of GST-Hck( 1-247) and 
GST-Hck( 1-129) — Two polymerase chain reaction products were gen- 
erated: (i) a 751-base pair DNA fragment encoding residues 1-247 of the 
59-kDa isoform of murine Hck (21) was amplified using the full-length 
hck cDNA as a template with primer 1 (5'-GGAA7TCCTGGGGGGTC- 
GGTCTAGCTGC) and primer 2 (5 ' -ATCGAAGCT7TC ATTTCTCCC A- 
TGGCTTCTG), and (ii) a 405-base pair DNA fragment encoding resi- 
dues 1-129 was amplified from the same template with primer 1 and 
primer 3 (5'- ATCGAAGC77TCAAGCCACATAGTTGCTTGG). In the 
primer sequences, the restriction sites for EcoRl and HindHl are in 
boldface italic and the in-frame stop codons are underlined. 

The polymerase chain reactions were carried out in a volume of 100 
til containing 50 ng of template DNA, 67 mM Tris-HCl (pH 8.8 at 25 °C), 
16.6 mM (NH 4 ) 2 S0 4 , 0.45% Triton X-100, 0.2 mg/ml gelatin, 2.5 units of 
a 16:1 (v/v) mixture of Taq polymerase (Biotech) and rPfu polymerase 
(Stratagene), 2 mM MgCl 2 , 100 n-M dNTPs, and 0.2 jiM of each primer. 
The amplification was performed in a Perkin-Elmer 9600 cycler and 
consisted of one cycle at 95 °C for 2 min; 25 cycles of 1 min at 94 °C, 1 
min at 60 °C, and 1 min at 72 °C; and a final cycle of 7 min at 72 °C. 

Site-directed mutagenesis was used to modify the Escherichia coli 
expression vector pGEX2T (AMRAD, Melbourne, Australia). The Smal 
site in pGEX2T was mutated to a HindHl site to allow subcloning of the 
polymerase chain reaction products. The polymerase chain reaction 
products from steps (i) and (ii) were digested with EcoRl and Z/i/idm, 
purified on a 1% low melting temperature agarose gel (SeaPlaque, FMC 
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BioProducts, Rockland, ME) and then directionally subcloned into the 
modified expression vector pGEX2TH to give (i) pGXHck( 1-247) and (ii) 
pGXHck(l-129). Upon expression, GST-Hck(l-247), consisting of the 
unique, SH3, and SH2 domains, and GST-Hck( 1-129), consisting of the 
unique and SH3 domains of Hck, were obtained. 

Purification of the GST Fusion Proteins of Hck Fragments— Both 
GST-Hck(l-247) and GST-Hck(l-129) bound strongly to glutathione- 
agarose and could not be released using the high salt/high glutathione 
buffer (25 mM Hepes, pH 7.0, 0.1% Nonidet P-40, 1 mM EDTA, 50 mM 
glutathione, 2 M NaCl) (data not shown). For this reason, GST-Hck(l- 
247) and GST-Hck( 1-129) were purified by two sequential steps on a 
hydroxylapatite column (length x internal diameter = 90 X 12 mm) 
and an FPLC Mono-S cation exchange column (HR 5/5). The crude cell 
lysate was loaded onto the hydroxylapatite column pre-equilibrated 
with Buffer A (25 mM Hepes, pH 7.0, 1 mM EDTA, 1 mM dithiothreitol, 
10% glycerol, 0.1% Nonidet P-40, 0.02 mg/ml phenylmethylsulfonyl 
fluoride, and 0.2 mg/ml benzamidine). After the column was washed 
with 20 ml of Buffer A, bound proteins were eluted with a 90-ml linear 
gradient of 0-0.3 M potassium phosphate in Buffer A at a flow rate of 1 
ml/min. Peak protein fractions were identified by SDS-PAGE and im- 
munoblot analysis using a-hck (H1077) antibody. The immunoreactive 
fractions were pooled, dialyzed overnight in 2 liters of Buffer A, and 
then loaded onto a Mono-S column pre-equilibrated with Buffer A. After 
being washed with 5 ml of Buffer A, bound proteins were eluted using 
a 15-ml linear gradient of 0-0.5 m NaCl in Buffer A at a flow rate of 0.5 
ml/min. Fractions containing the recombinant proteins were identified 
using SDS-PAGE and immunoblot analysis. 

Although the theoretical molecular mass of GST-Hck(l-247) is -53 
kDa, its mobility on the SDS gel is similar to that of a 55-56-kDa 
protein (see Fig. 5). The structural basis for its anomalous mobility on 
SDS gel is not known. 

Construction of the GST Fusion Vector and Purification of the GST 
Fusion Protein ofSrc(l-258)—B\\iescript plasmid (Stratagene) contain- 
ing the full-length coding region of human Src (20) was digested with 
iVcol and EcoNl and then treated with Klenow to create blunt ends. The 
DNA fragment of 775 nucleotides encoding residues 1-258 of Src was 
isolated on an agarose gel and ligated into the Smal site of pGEX-2T 
vector (Amersham Pharmacia Biotech). The expected orientation and 
sequence of the resulting expression plasmid was confirmed by restric- 
tion enzyme digest and DNA sequencing. 

Upon expression, GST-Src( 1-258), consisting of the unique, SH3, and 
SH2 domains of Src, was purified by two sequential steps on a hydroxyl- 
apatite column and an FPLC Mono-S cation exchange column under the 
same conditions as for the purification of GST-Hck( 1-247) and GST- 
Hck(l-129). 

Preparation of Synthetic Peptides — Synthetic peptides were synthe- 
sized with an Applied Biosystems Model A431 automated peptide syn- 
thesizer using AT-(9-fluorenyl)methoxycarbonyl-based chemistry. Pep- 
tides synthesized included (i) phosphopeptide (pYEEI peptide) derived 
from the sequence of the hamster polyoma virus middle T antigen 
THQEEEEPQ(pY)EEIPIYL, and (ii) the substrate peptides. The syn- 
thesis and purification of these peptides have been detailed in previous 
reports (9, 10). 

Preparation and Characterization of pYEEI Peptide Immobilized to a 
Solid Support — Purified pYEEI peptide was covalently coupled to AfG- 
Gel-15 agarose following the procedures detailed by the manufacturer 
(Bio-Rad). The degree of coupling of the peptide to Affi-Gel was deter- 
mined; a coupling density of 3.04 jamol of pYEEI peptide per ml of 
packed gel was revealed. The immobilized pYEEI peptide (pYEEI-gel) 
was diluted with the ethanolamine-treated Affi-Gel- 15 agarose (control 
gel) before use. 

SH2 Domain Accessibility Assay — The ability of Src, Hck, and the 
GST fusion proteins GST-Src( 1-258), GST-Hck(l-129), and GST- 
Hck( 1-247) to bind pYEEI peptide was assayed by incubating 280 ng of 
protein at 4 °C for 1 h with 20 u\ (equivalent to 0.79 nmol of the 
immobilized pYEEI peptide) of pYEEI-gel equilibrated in the binding 
buffer (25 mM Hepes, 1 mM EDTA, 0.2 mg/ml benzamidine, 10% glyc- 
erol, 0.1% Nonidet P-40, 0.2 M NaCl, and 1 mM 0-mercaptoethanol). The 
mixture was centrifuged at 10,000 x g for 5 min, and the supernatant 
containing the unbound enzyme was removed and stored for analysis. 
The pYEEI-gel was washed with 5 X 1 ml of binding buffer, and the 
bound proteins were eluted by boiling in 20 ptl of SDS-PAGE sample 
buffer. Bound and unbound proteins were quantified after SDS-PAGE 
by the procedures described under "Immunoblot Analysis." 

Immunoblot Analysis — Immunoblot analysis was performed accord- 
ing to the method of Towbin et al. (23). Briefly, proteins were separated 
by SDS-PAGE and then transferred to a polyvinylidene difluoride mem- 
brane filter. The filter was probed with primary antibody (either a-hck 
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Fig. 2. Comparison of the immunoreactivity of PY69 mono- 
clonal anti-phosphotyrosine antibody against the autophospho- 
rylation site and the C -terminal regulatory phosphotyrosine of 
Src. Src phosphorylated in the presence and absence of CSK (+CSK 
and -CSK, respectively) was analyzed for stoichiometry of phosphoryl- 
ation (A) and immunoreactivity with the PY69 antibody (B), The im- 
munoreactivity of the PY69 antibody against the two phosphorylated 
forms of Src was determined by densitometric scan of the immunoblot 
shown in C. The ratio of the immunoreactivity and the stoichiometry of 
phosphorylation is a measure of the relative immunoreactivity of PY69 
antibody against pY-419 (-CSK) and pY-530 (+CSJO (D). 

polyclonal antibody, the polyclonal anti-phosphotyrosine antibody, 
a-Src monoclonal antibody (M327), or cr-phosphotyrosine (PY69) mono- 
clonal antibody) followed by horseradish peroxidase-conjugated sheep 
anti-rabbit IgG (for a-hck polyclonal antibody and the polyclonal an- 
tiphosphotyrosine antibody) or the horseradish peroxidase-conjugated 
sheep anti-mouse IgG (for a-Src (M327) and a-phosphotyrosine (PY69) 
antibodies) and developed using the enhanced chemiluminescence kit 
following the protocol detailed by the manufacturer. The relative 
amounts of Src, Hck, GST-Src( 1-258), GST-Hck( 1-247), and GST- 
Hck(l-129) were determined by densitometry, 

Phosphopeptide Mapping of Autophosphorylated and CSK-phospho- 
rylated Src— Src ( 18.8 n&i) was autophosphorylated by incubation for 10 
min at 30 °C in kinase buffer containing 50 /iM ly- 32 P]ATP in a 16-fd 
volume. In another reaction, Src was phosphorylated by CSK upon 
incubation of Src with 188 nM CSK under the same conditions for 30 
min (Fig. 2A). The reactions were terminated by addition of 10 jil of 5x 
SDS sample buffer (26). Phosphorylated Src was separated from CSK 
and free [?- S2 P]ATP by SDS-PAGE. The proteins on the gel were then 
electrotransferred to nitrocellulose, and the phosphorylated Src was 
located by autoradiography. 

Prior to proteolytic digestion, the nitrocellulose strips corresponding 
to the phosphorylated Src were excised and processed as described 
previously (27). For tryptic digestion, the nitrocellulose strips were 
incubated with 18 /xg of TPCK-treated trypsin (Worthington) in 180 
of 100 mM NH 4 HC0 3 (pH 7.9Vacetonitrile (95:5, v/v) at 37 °C for 15 h. 
After digestion, the supernatant was removed and saved; the nitrocel- 
lulose strips were rinsed with 2 x 100 u\ of Milli-Q H 2 0. The superna- 
tant and the rinse were pooled and lyophilized to dryness. The dry 
sample was resuspended with 400 jul of Milli-Q H 2 0 and relyophilized. 
Finally, the dry samples were resuspended in 10 u\ of Milli-Q H 2 0 
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Fig. 3. Two-dimensional phos- 
phopeptide mapping of the autophos- 
phorylated (-CSK) and CSK-phos- 
phorylated (+CSK) Src. A, phos- 
phopeptide map of the tryptic digest of the 
autophosphorylated Src. B, phosphopep- 
tide map of the tryptic digest of Src inac- 
tivated by CSK phosphorylation. C, phos- 
phopeptide map of the CSK-phos- 
phorylated Src digested sequentially with 
trypsin and then chymotrypsin. The po- 
larity of electrophoresis and the orienta- 
tions of thin layer electrophoresis (TLE) 
and TLC are shown. 
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before they were applied onto TLC plates. Separation of the proteolytic 
fragments was accomplished by (i) thin layer electrophoresis in the first 
dimension and (ii) TLC in the second dimension, as described previ- 
ously (24). The radioactive spots on the TLC plates were located by 
autoradiography. As shown in Fig. 3A, the autophosphorylated Src gave 
a single radioactive tryptic fragment. The fragment is migrating to a 
location similar to that previously found for the consensus autophos- 
phorylation site of the Src family kinases (Tyr-419 of human Src) (24). 
Tryptic digestion of the CSK-phosphorylated Src, however, gave at least 
two radioactive fragments, as indicated by the two spots in Fig. 3B). The 
two fragments were very likely a result of the incomplete tryptic cleav- 
age of the Arg-509-Pro-510 bond close to the C-terminal regulatory 
domain of Src (25, 28). To further prove that the two radioactive frag- 
ments in Fig. 3B are derived from the same phosphorylation site, the 
tryptic digest of CSK-phosphorylated Src was further digested by chy- 
motrypsin overnight under the following conditions: trypsin in the 
tryptic digest of CSK-phosphorylated Src was inactivated by heating 
the digest at 100 °C for 10 min. The heat-treated sample was then 
digested with chymotrypsin (18 /ig) in 180 ^1 of 100 mM NH 4 HC0 3 (pH 
7.9) at 30 °C for 15 h. After repeated resuspension of the sample in f^O 
and lyophilization to remove the NH 4 HC0 3 , the sample was analyzed 
by the two-dimensional thin layer electrophoresis-TLC phosphopeptide 
mapping procedures. As shown in Fig. 3C, the tryptic/chymotryptic 
digest of CSK-phosphorylated Src gave only one major radioactive spot 
in the map, suggesting that the two radioactive tryptic phosphopeptide 
fragments were derived from a single phosphorylation site. Thus, the 
data strongly suggest that Src was autophosphorylated exclusively at 
Tyr-419, whereas Tyr-530 is the predominant phosphorylation site in 
CSK-phosphorylated Src. 

Characterization of the Immunoreactivity of the Monoclonal (FY69) 
and the Polyclonal Anti-phosphotyrosine Antibodies against Phosphoty- 
rosines in Different Sequence Contexts — The FY69 anti-phosphotyrosine 
antibody may bind to phosphotyrosine sequence contexts with differing 
affinities; therefore, we examined its immunoreactivity against the 
autophosphorylation site (Tyr-419) and the phosphorylated C-terminal 
regulatory tyrosine (Tyr-530) of Src. Src was chosen instead of Hck 
because Hck is a much poorer in vitro substrate of CSK (data not 
shown). In addition, we were unable to obtain enough Hck phosphoryl- 
ated exclusively at the C-terminal regulatory tyrosine for analysis. 

Src was first incubated with ATP in assay buffer in both the presence 
and the absence of CSK. Under the conditions we used, Src was auto- 
phosphorylated at Tyr-419 to a stoichiometry of 0.3 mol P0 8 " per mol of 
enzyme (-CSK) or phosphorylated by CSK at Tyr-530 exclusively to a 
stoichiometry of 1 mol P0 3 ~ per mol of enzyme (+ CSK) (Figs. 2A and 3). 
As expected, the kinase activity of Src was significantly suppressed 
when it was phosphorylated at Tyr-530, because its activity was less 
than 15% of that of the autophosphorylated Src (data not shown). 

Both autophosphorylated Src and CSK-phosphorylated Src cross- 
reacted with the PY69 anti-phosphotyrosine antibody (Fig. 2, B and C). 
The ratio of immunoreactivity (as measured by densitometry and ex- 
pressed in instrument units of density) to stoichiometry of Src auto- 
phosphorylated at Tyr-416 (250/0.32 = 781) and that of Src phospho- 
rylated at Tyr-530 (920/0.98 = 938) revealed no significant difference in 
the immunoreactivities of PY69 antibody against the two phosphoryl- 
ation sites (Fig. 2D). Because the sequences around the autophospho- 
rylation site in the kinase domain of Src (Tyr-416) and Hck (Tyr-409) 



are identical and the sequences around the C-terminal regulatory ty- 
rosine of Src (Tyr-530) and Hck (Tyr-520) are highly homologous (25), it 
is likely that the FY69 antibody would display similar immunoreactiv- 
ities against the phosphorylated Tyr-409 and Tyr-520 of Hck. 

The polyclonal anti-phosphotyrosine antibody (Upstate Biotechnol- 
ogy) was also used to analyze the phosphorylation level of Hck. Accord- 
ing to the manufacturer's specifications, this antibody was raised 
against three immunogens, including phosphotyrosine, phosphorylated 
synthetic peptides derived from the autophosphorylation site, and the 
C-terminal regulatory phosphorylation site of Src conjugated to a car- 
rier protein. Immunological analysis reveals that the antibody can 
recognize phosphotyrosine in different sequence contexts. Thus, the 
polyclonal anti-phosphotyrosine antibody was expected to recognize the 
phosphorylated form of both Tyr-409 and Tyr-520 of Hck. 

Protein Kinase Assay — The protein-tyrosine kinase activity of Hck in 
hydroxylapatite and S-200 gel filtration column fractions was deter- 
mined by measuring incorporation of P0 8 " from fy- 32 P] ATP into [Lys- 
19]cdc2(6-20). Routine enzyme assays were carried out at 30 °C in a 
50-/d volume of kinase buffer (20 mM Tris-HCl, pH 7, 10 mM MgCl 2 , 1 
mM MnCl 2 , 83 jam Na 3 V0 4 ) with 100 jam ATP (specific radioactivity, 
300-400 cpm/pmol) and 300 /iM [Lys-191cdc(6-20). The reactions were 
allowed to proceed for 6-15 min before they were terminated by the 
addition of 20 /il of 50% acetic acid. A 30-/X.1 aliquot was spotted onto a 
phosphocellulose paper square, which was subsequently washed six 
times in 0.3% H 3 P0 4 , washed once with acetone, and then dried. Ra- 
dioactivity in the dried paper square was monitored by Cerenkov count- 
ing. Under the conditions used, only the initial rates of phosphorylation 
of the peptides by the kinases were measured. 

For kinetic analyses, Src and Hck were autophosphorylated to a 
stoichiometry of approximately 1 mol of P0 3 " per mol of kinase prior to 
the routine kinase activity assay. For the autophosphorylation reaction, 
Src (100 nM) or Hck (152 nM) was incubated with 100 ATP and the 
kinase buffer in a final volume of 50 /d for 60 min at 30 °C. An aliquot 
of the autophosphorylation reaction mixture containing 0.3-1.02 pmol 
of Hck or 0.2 pmol of Src was then taken out to determine kinase 
activity. The kinase activity assays were carried out at 30 °C in a 50-/d 
volume containing the kinase buffer, 50 /llm ATP (specific radioactivity, 
300-400 cpm/pmol), 6-20.3 nM Hck, or 4 nM Src and varying concen- 
tration of substrate peptides. The reactions were allowed to proceed for 
20-40 min before they were terminated by the addition of 20 jud of 50% 
acetic acid. A 30-jud aliquot was spotted onto a phosphocellulose paper 
square, which was subsequently processed as described in the first 
paragraph of this section. 

The ability of CSK to inactivate Src by phosphorylating its C-termi- 
nal regulatory tyrosine was assayed by comparing the kinase activity of 
the autophosphorylated Src and the CSK-phosphorylated Src. The 
methodology has been described in detail in our previous studies (20, 
25). 

RESULTS 

Comparison of the in Vitro Peptide Substrate Specificity of 
Hck and Src — Because little is known about the identities of 
the cellular proteins phosphorylated by Src and Hck in vivo, we 
compared the in vitro substrate specificities of the two kinases 
using a series of short synthetic substrate peptides. The ration- 
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Table I 

Kinetic parameters of phosphorylation of peptide substrates by c-Src and Hck 



The unit of V max is jtmol of P0 3 -incorporated/min/mg of enzyme. The target tyrosine residue is marked by an asterisk. The substituted amino 
acid residues in the analogs of cdc2(6~20) peptide and src-optima peptide are underlined. 



Peptide substrate 


Sequence 


K m 


c-Src 

^max 




Km 


Hck 






★ 


mii 






mii 






STP-fltitfiTiHrmrilinTvlfl'Hn'n cita Yv*nHHp 


af) FfST . AT? T . T PDTJP YTA R 


1.67 


0.25 


0.15 


0.45 


0.06 


0.13 


Src-optimal peptide 


★ 

AEEEIYGEFEAKKKK 
★ 


0.033 


2.3 


69.1 


0.14 


7.5 


53.6 


[Ala-5,Ala-9] Src-optimal peptide 


AEEEAYGEAEAKKKK 
★ 


0.77 


0.08 


0.11 


1.0 


0.25 


0.25 


Abl -optimal peptide 


AE V I Y AAP FAKKKK 


0.45 


0.6 


1.32 


0.41 


0.6 


1.47 


cdc2(&-20) 


★ 

KVEKIGEGTYGWYK 


0.25 


1.67 


6.68 


0.17 


1.8 


10.6 


[Lys-19]cdc2(6-20) 


★ 

KVE KI GEGTYG WKK 


0.25 


1.25 


5.0 


0.25 


1.25 


5.0 


[Val-12,Ser-14,Lys-19Jcdc2(6-20) 


★ 

KVE KI GVGS YGVVKK 


2.5 


0.42 


0.168 


1.1 


0.11 


0.1 



ale behind our choice of peptides was as follows. The Src auto- 
phosphorylation site peptide is derived from the autophospho- 
rylation site in the Src kinase domain and is known to be an in 
vitro substrate of the Src family kinases. The cdc2(6-20) pep- 
tide has previously been shown to be a specific substrate of 
several Src family kinases, including Src, Lyn, Lck, and Fyn 
(9). [Lys-19]cdc2(6-20) and [Val-12,Ser-14,Lys-19]cdc2(6-20), 
which are substitution analogs of cdc2(6-20), have been used to 
define the substrate specificity determinants of Src family ki- 
nases. We have previously demonstrated that replacement of 
Glu-12 and Thr-14 in cdc2(6-20) by valine and serine, respec- 
tively, adversely affects the ability of Src to phosphorylate the 
peptide analogs, whereas replacement of Tyr-19 by lysine had 
no detrimental effect (9). The Src-optimal peptide and abl- 
optimal peptide were discovered by Songyang et aL (10) and 
shown to carry all the essential structural deterniinants for 
efficient phosphorylation by Src and Abl tyrosine kinase. The 
peptide library study by Songyang et aL (10) also revealed that 
the hydrophobic Ile-5 and Phe-9 at the pY-1 and pY+3 posi- 
tions in the Src-optimal peptide are the two most crucial struc- 
tural determinants recognized by Src. We therefore prepared 
the analog [Ala-5,Ala-9] Src-optimal peptide with the two crit- 
ical hydrophobic residues replaced by the less hydrophobic 
alanine residue and examined the effect of the substitution on 
the efficiency of phosphorylation of the peptide by both kinases. 

Of the peptides used, [Val-12,Ser-14,Lys-19]cdc2(6-20), 
[Ala-5,Ala-9] Src-optimal peptide, and Src autophosphorylation 
site peptides were very poor substrates (Table I). [Lys- 
19]cdc2(6-20) and cdc2(6-20), however, were phosphorylated 
by the kinases with catalytic efficiencies (V mc JK m ) 30-50-fold 
higher than that of Src autophosphorylation site peptide. Sim- 
ilar to Src, Hck phosphorylated the abl-optimal peptide with an 
efficiency much lower than that of Src-optimal peptide. The 
Src-optimal peptide was the best substrate for Src and Hck 
because it was phosphorylated by both kinases at efficiencies 
that were about 400-fold higher than that of the Src autophos- 
phorylation site peptide. Furthermore, Src and Hck required 
the presence of Ile-5 and Phe-9 in Src-optimal peptide and 
Glu-12 and Thr-14 in cdc2(6-20) as crucial substrate specificity 
determinants, because their substitution dramatically reduced 
the efficiency of peptide phosphorylation by both kinases (Table 
I). 

In summary, both Src and Hck exhibited strikingly similar 
patterns of preference for the substrate peptides, suggesting 
that the catalytic domains of both kinases recognize similar 
structural features around the phosphorylation sites of the 



peptides. More importantly, the results imply that Src and Hck 
have the intrinsic ability to phosphorylate similar cellular pro- 
teins in vivo. 

Comparison of the Ability of Hck and Src to Bind the Immo- 
bilized pYEEI Peptide — The ability of a cellular protein to be 
phosphorylated in vivo by a specific member of the Src family is 
most likely determined by (i) the presence of specific determi- 
nants in the cellular protein that are recognized by the cata- 
lytic domain, (ii) the ability of the cellular protein to co-localize 
with the kinase in the same subcellular compartment, and/or 
(hi) the ability of the cellular proteins to bind to the SH2, SH3, 
or unique domain of the kinase. Because of the importance of 
the SH2 domain in determining the subcellular localization 
and substrate specificities of Src family kinases, we studied the 
functional properties of the SH2 domains of Src and Hck. 

The pYEEI peptide has previously been demonstrated to 
bind the SH2 domains of several Src family kinases (Src, Lyn, 
and Lck) with high affinity (7, 8, 24); we therefore used the 
pYEEI peptide immobilized to agarose as the ligand to study 
the binding specificity and accessibility of the SH2 domain of 
Src and Hck. As shown in Pig. 4, at kinase concentrations 
ranging from 20 to 80 nM, Src displays significant binding to 
the immobilized pYEEI peptide. In contrast, no detectable 
binding of Hck to the phosphopeptide was found under similar 
conditions. There are three possible reasons for the inability of 
the recombinant Hck to bind the phosphopeptide: (i) the C- 
terminal regulatory tyrosine of the recombinant Hck is phos- 
phorylated, and interaction between this phosphorylated tyro- 
sine and the SH2 domain renders the SH2 domain inaccessible 
to the exogenous pYEEI peptide (2, 3); (ii) the structure of the 
SH2 domain of Hck differs from that of Src in such a way that 
they display different binding specificities and different affinity 
toward the pYEEI peptide; or (hi) the native structure of Hck 
imposes conformational constraints that limit the accessibility 
of its SH2 domain. In the following experiments, we showed 
that the inability of Hck to bind pYEEI peptide is most likely 
due to the presence of conformational constraints within Hck 
that limit its SH2 domain accessibility. 

Determination of the Level of Tyrosine Phosphorylation of the 
Purified Recombinant Hck — To ascertain whether the inability 
of Hck to bind the pYEEI peptide is a result of interaction 
between its SH2 domain and the phosphorylated C-terminal 
regulatory tyrosine, we determined the level of tyrosine phos- 
phorylation of the purified recombinant Hck. Hck was auto- 
phosphorylated in vitro to a stoichiometry of approximately 1 
mol P0 3 " per mol of Hck (data not shown), and the relative 
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Fig. 4. SH2 domain accessibility of Hck and Src. The indicated 
concentrations of Hck (A) and Src (B) were incubated with immobilized 
pYEEI peptide. Material bound to the pYEEI-gel (Bound) or remaining 
in the supernatant (Unbound) was visualized by SDS-PAGE followed 
by immunoblot analysis using either the anti-Hck or anti-Src antibody. 
Although the concentration of immobilized pYEEI peptide used in the 
binding assay was 15.9 /iM, the agarose beads to which the phosphopep- 
tide was attached may impose steric hindrance and hence render some 
of the phosphopeptide inaccessible to the SH2 domain of the kinases. 
For this reason, a significant portion of Src was not bound to the 
immobilized phosphopeptide even though the K d of the Src-SH2 do- 
main-pYEEI peptide complex was determined to be in the nanomolar 
range 

levels of its tyrosine phosphorylation before and after auto- 
phosphorylation were determined by immunoblot analysis with 
the monoclonal anti-phosphotyrosine antibody (PY69 mAb) 
and polyclonal anti-phosphotyrosine antibody. As shown in Fig. 
5, weak anti-phosphotyrosine immunoreactivity was detected 
before autophosphorylation, whereas the autophosphorylated 
Hck reacted very strongly with both the polyclonal and mono- 
clonal (PY69) anti-phosphotyrosine antibodies. Densitometric 
analysis of the immunoblot revealed that the anti-phosphoty- 
rosine immunoreactivity of Hck prior to autophosphorylation is 
less than 5% of that of the autophosphorylated Hck. Because 
the PY69 antibody displays no difference in its ability to rec- 
ognize the autophosphorylation site and the C-terminal regu- 
latory phosphotyrosine (Fig. 2) and because the polyclonal an- 
tiphosphotyrosine antibody can recognize phosphotyrosines in 
different sequence contexts (see under "Experimental Proce- 
dures"), our results strongly suggest that almost all of the 
potential tyrosine phosphorylation sites, including the C-ter- 
minal regulatory tyrosine and the consensus autophosphoryl- 
ation site, were not phosphorylated in the purified Hck prepa- 
ration. Thus, the lack of binding of pYEEI peptide by Hck is not 
a consequence of occupancy of the SH2 domain by the C- 
terminal regulatory phosphotyrosine. 

Demonstration of Specific Interaction between the SH2 Do- 
main of Hck and the pYEEI Peptide— To confirm that the SH2 
domain of Hck can indeed specifically bind the pYEEI peptide, 
we generated two recombinant fragments of Hck as GST fusion 
proteins and examined their ability to bind the immobilized 
pYEEI peptide. One of the fragments, GST-Hck( 1-247), con- 
tains the unique, SH3, and SH2 domains of Hck, whereas the 
other fragment, GST-Hck( 1-129), contains the unique and SH3 
domains only. Upon incubation of each sample with the immo- 
bilized pYEEI peptide (0.79 nmol), only GST-Hck(l-247) could 
bind the phosphopeptide (Fig. 6). Because the SH2 domain is 
present in GST-Hck( 1-247) but not in GST-Hck( 1-129), our 
results indicate that the binding of GST-Hck( 1-247) to the 
pYEEI-gel was mediated by the SH2 domain. Upon preincuba- 
tion of GST-Hck( 1-247) with various competitor peptides prior 
to incubation with the immobilized pYEEI peptide, only the 
free pYEEI peptide was capable of effectively competing with 
GST-Hck( 1-247) for the immobilized pYEEI peptide, indicat- 
ing that the binding of GST-Hck( 1-247) to pYEEI was specific 





Polyclonal Ab 



PY69 Mab 



Fig. 5. The tyrosine phosphorylation status of purified recom- 
binant Hck before and after autophosphorylation. Purified re- 
combinant Hck was autophosphorylated to a stoichiometry of 1 mol of 
P0 3 " incorporated per mol of kinase. Samples containing equal 
amounts of protein either before (-ATP) or after (+ATP) autophospho- 
rylation were subjected to immunoblot analysis using either the poly- 
clonal anti-phosphotyrosine antibody (A) or the monoclonal anti-phos- 
photyrosine antibody (PY69 mAb) (B). Densitometric analysis of the 
autoradiograms revealed that the level of phosphotyrosine before auto- 
phosphorylation (-ATP) was <5% of that after autophosphorylation 
(+ATP). 



Sound 



Unbound 




Hck or GST-hck (1-247) 



-GST-nck (1-129) 



Fig. 6. Binding of intact Hck, GST-Hck(l-247), and GST- 
Hck(l-129) to the immobilized pYEEI peptide. Equivalent 
amounts (280 ng) of Hck (lanes 1 and 4), GST-Hck( 1-247) (lanes 2 and 
5), and GST-Hck(l-129) (lanes 3 and 6) were incubated with immobi- 
lized pYEEI peptide. Material bound to the pYEEI peptide (Bound, 
lanes 1-3) or remaining in the supernatant (Unbound, lanes 4-6) was 
visualized by SDS-PAGE followed by immunoblot analysis using the 
anti-Hck antibody. 



(data not shown). 

In addition to the conformational constraints limiting SH2 
domain accessibility in Hck, differences in affinities of the SH2 
domains of Src and Hck for the pYEEI peptide could also 
contribute to the different degree of binding of Src and Hck to 
the immobilized phosphopeptide. As shown in Fig. 7, when the 
relative efficiencies of binding of GST-Srcd-258) and GST- 
Hck( 1-247) to the pYEEI peptide were compared, similar 
amounts of the two GST fusion proteins were found to bind to 
the phosphopeptide at every phosphopeptide concentration 
used in the binding study, suggesting that the SH2 domain of 
Src and Hck, when present in constructs containing only 
unique, SH3, and SH2 domains, displays similar affinity to- 
ward the pYEEI peptide. 

Taken together, our data unequivocally demonstrate that 
the SH2 domain of Hck has the intrinsic ability to bind the 
pYEEI peptide with an affinity similar to that of the Src SH2 
domain. The inability of intact Hck to bind pYEEI peptide is 
very likely due to the presence of conformational constraints 
limiting the accessibility of the SH2 domain in the native 
structure of Hck. 

DISCUSSION 

In the present study, we have shown that Hck and Src 
display similar in vitro peptide substrate specificity. This 
builds on the previous studies (9, 10) that show that several Src 
family kinases recognize similar structural features in syn- 
thetic peptides and thus share common substrate specificity 
determinants. Taken together, these studies suggest that the 
catalytic domains of Src family kinases recognize similar fea- 
tures in the local structures around the phosphorylation sites 
in substrate proteins. Because most cellular functions of a 
kinase are determined by the cellular proteins that they phos- 
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Fig. 7. Comparison of the relative pYEEI peptide binding af- 
finities of the SH2 domain of Hck and Src. A, immunoblots of 
GST-Src(l-258) and GST-Hck( 1-247) bound to varying concentrations 
(1.7, 5.2, and 15.6 yM) of the immobilized pYEEI peptide. B, the fraction 
of total GST-Src(l-258) or GST-Hck( 1-247) bound to the pYEEI peptide 
at varying concentrations of the immobilized phosphopeptide. The 
amounts of Hck and Src GST fusion polypeptides bound to the pYEEI 
peptide were determined by densitometric comparison of the signals 
of the bound proteins with those of the protein standards in the 
immunoblots. 



phorylate in vivo, our results support the notion that Src and 
Hck, when co-expressed in the same cells, have the intrinsic 
ability to carry out redundant cellular functions by phospho- 
rylating similar cellular protein substrates. This idea is sup- 
ported by studies in which Src family kinases have been dis- 
rupted in mice. The milder than expected phenotype associated 
with mice deficient in Src family kinases suggests that many 
cellular functions normally performed by the disrupted Src 
family members) are compensated for by other Src family 
members co-expressed in the same cells (11-19). Despite an 
inferred degree of functional overlap among the Src family 
kinases in vivo, mice homozygous for a mutation in one Src 
family gene exhibit some unique developmental and functional 
defects. For examples, Fc-y-receptor-independent phagocytosis 
is perturbed in Hck-deficient macrophages (16), and bone re- 
sorption by osteoclasts is impaired in src~'~ mice (13, 19). This 
suggests that the roles of Hck and Src in phagocytosis by 
macrophages and bone formation, respectively, cannot be sub- 
stituted by other co-expressed Src family members. Thus, in 
addition to cooperating with other Src family kinases to provide 
the signals necessary for many cellular functions, each of the 
kinases also performs unique functions in vivo. 

How might each Src family member carry out its own unique 
functions if the catalytic domain of all Src family kinases rec- 
ognizes similar structural features in cellular protein sub- 
strates? Because the cellular protein substrates are differen- 
tially distributed in various subcellular compartments, src 
family kinases co-expressed in the same cells can phosphoryl- 
ate different cellular proteins if they are targeted to different 
subcellular compartments (see Ref. 4 for review). Furthermore, 
the SH2, SH3, and perhaps the unique domains can directly 
interact with the cellular substrates and hence determine the 
substrate specificity of the kinases. For example, phosphoryl- 
ation of focal adhesion kinase by Src requires direct interaction 



of the SH3 domain of Src with the 368 RALPSIPKL 376 motif of 
focal adhesion kinase as well as interaction of the SH2 domain 
of Src and the phosphorylated Tyr-397 of focal adhesion kinase 
(5); phosphorylation of the cellular protein Sin by Src requires 
interaction of a Pro-Z-X-Pro containing motif of Sin with the 
SH3 domain of Src (6). For these reasons, the differential SH2 
domain accessibility exhibited by Src and Hck is a potential 
mechanism of targeting the two kinases to different subcellular 
compartments, thereby allowing them to carry out different 
functions by phosphorylating the cellular protein substrates in 
their immediate vicinity. Taken together, our data suggest that 
the similar in vitro peptide substrate specificity of the catalytic 
domains of Src family kinases may account for the functional 
redundancy of the kinases in vivo and the difference in acces- 
sibility of their SH2 domains may contribute to their functional 
specificity. To further substantiate this notion, future studies 
should focus on identification of common and specific in vivo 
cellular protein substrates of the kinases and demonstration 
of targeting of Src and Hck to different subcellular compart- 
ments or binding to different cellular proteins as a consequence 
of the differential SH2 domain accessibility displayed by both 
kinases. 

Our study also suggests the presence of conformational con- 
straints limiting the SH2 domain accessibility of intact Hck 
even if its C-terminal regulatory tyrosine is not phosphoryl- 
ated. Elucidation of the structural basis of these conforma- 
tional constraints is essential for our understanding of the 
regulatory properties of Hck. The fact that deletion of the 
kinase domain and the C-terminal regulatory domain renders 
the SH2 domain in GST-Hck( 1-247) accessible to the pYEEI 
peptide is consistent with the notion that only the intact form 
of Hck can impose these conformational constraints. In con- 
trast to our observation that intact Src and Hck display differ- 
ent SH2 domain accessibility, Xu et aL (2) and Sicheri et al. (3) 
reported that the crystal structures of the inactive conforma- 
tion of Hck and Src, which lack the unique and fatty acid 
acylation domains, are virtually identical. It is therefore rea- 
sonable to propose that the unique and/or fatty acid acylation 
domains confer differences in SH2 domain accessibility of the 
two kinases. Future studies should test this hypothesis by 
comparing the SH2 domain accessibility of intact Hck and the 
truncated form of Hck without the fatty acid acylation and the 
unique domains. Alternatively, Src and Hck may exhibit a 
difference in the ability of the C-terminal tail to move away 
from the SH2 domain after dephosphorylation. Src may have a 
rather flexible C terminus that can move away from the SH2 
domain after dephosphorylation, thereby allowing binding to 
the pYEEI peptide resin. In contrast, Hck may have a more 
rigid C terminus that, even upon dephosphorylation, does not 
allow it to fully move away from the SH2 domain, thereby 
limiting the accessibility of the SH2 domain to the pYEEI resin. 
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P 7/11 
8 



12 



13 



16 



17 



23 



24 



Gto: 
H-0(2)*) 
CH 2 (3)°) 
CH,(4) 
Boc, Hu, Ac 

TVr: 
H-C(2)*) 
CH a (3) 



3.74-3.87(«) 3.84-3.88(/«) 

1.52-1.69(w) 1.51 -1.71 (m) 

2.10</, 7-7.5) 2.07-2.1O(m) 

1.16, 1 J8(2i) 1.36, 1.39(2*) 



3.76(br. i) 3.74-3.76(m) 
1.91 -1. 94 (m) 1.9l-1.96(m) 
2.29-2.34 (w) 2.28- 134 (m) 



4.13-4.18(m) 
1.43-1.81 (m) 
115(1,7-7.8) 



4.32-4>38(ra) 4.33-4.36<*i) 

2.72(<*4 2.71 

/« 9.5. 13.5); / = 9.5, 14); 

2.91 2.91 (dtf, 

7-Z5.13.5) 7-3.14) 

7.19(4 /» 8) 7.18(4/^8.5) 

6.85(4/ -8) 6\86(4/«8.5) 

4.51 -4.55(w) 4.52-4.58(ffl) 

CH 2 (3).H-C(4n 1.52-1.69(m) LSI -1.71 04 

2Me-C(4) 0.83, 0.89(24 083.089(24 

each 7 -6) cach/«6) 

PhCHj 5.12(s) 5.13(f) 

PACH, 7.31-7.36(m) 7.32-7 J6( ffl ) 



H-Ctf.ff) 

Leu: 
H~Q2) b ) 



4.34-4J8(m) 4J2-4.40(m) 4.l3-4.18(m) 

2.73(<tf. 172(d4 2.72(4* 

/ =» 9.5. 14.5); J - 10, 14); 7-9.5, 13.5); 

2.94(<tf, Z94(<*4 3.03(<ai 

/-4,14.5> 7-3.5.14} /-3.5, 14) 

7.26(4/ -8.5) 7.26(4/ -8.5) 7.14(4/ -8.5) 

6.95(4 7 = 8-5) 6.96(47-8.5) 6.86(4/ -8.5) 



4.55-4.58(m) 

1.52-1.6l(m) 

08l.088(2i/ t 

each 7 s 6.5) 

5.10(1) 

7J9-7J7(m) 



4.51-4.56<m) 

U2-L61(m) 

042,088(24 

each 7-6) 

5.UW 

7 JO- 7.35 (wi) 



4.24-4.27(«) 
1.44-l.77(m) 
0.82. 088(24 
each/-6.5) 



Afg: 



Amide 
NH 



a ) d ) 3.74-3.77(m) 

1.92-2.10(m) L91-1.93fr») 1.93- 1. 96 (m) 
131- 2.37 (m) 129-133(m) 134-139(«n) 



4.28-4.71 (m) 4J5-4.70(w) 4>60-4.65(ra) 
Z74(<# Z75(d4 i 179(447 - 10 13.5); 

7-10,14); /«9,l3); 

2.9SM 2.»5(d4 5 3.02(4i 7-3, 14) 

7«4.14> 7-3,13.5) 
7.26(4 / - 8.5) 7.26(4 / = 8.5) 7.33(4 /- 8.5) 
6.96(4 J - 8.5) 6.97(4 / = 8.5) 7.03(4 / - 8) 



4.28- 4.71 (m) 
1.54-I.SBOn) 
082. 0.89(24 
each 7 - 6) 
5.10W 

7.29- 7.35(«) 



4.35-4.70(i») 
1.54-1.61 (m) 
081,088(24 
cacb7«6) 
5.10(i) : 
7.29-7J4(m) 



4.72-4.77<m) 
1.58-1.62(m) 
0.86, 049(24 
each 7-6.5) 
*) 



NH 2 



6.88(4 7-9); 6.86 d ); 8.12(br.i); 
7.90(4 / = 8); 7.81 (4 7-8.5); 8.60(4 / - 8); 
8.51(4 / = 7.5) 8.48(4 7-7.5) 8.71(4 7-8) 



8.10(br. x); 
8.59(4/ =8); 
8.67(4/ = 9) 



4.44-4.48 (m) 
1.44-1.77(m) 
3.10( 9 ,7s6) 

7.64(1, /- 5.5); 8.t0(br.i); 
7.82(4/ -8); 8.60(4/ -6); 
8.00-8.O3(m,3H) 8.71 (4 / - 8) 
7.09(i. 1H); 
7.31 (XJH) 



8.05(br.i); 8Jl(4/-8); 
8.60(4/= 7.5); 8.66(4 /- 8) 
8.71(4/- 7.5) 



Tabic 2 (cool.) 




















% 






12 


U 


16 




17 


18 


23 


24 


28 


Spacer: 

H-cax H- 

H-CQ), H- 
CH 3 (5) 


-C(6) 
■C(5) 


7.81(4/- 
8.14(4/- 


8.5) 6J7-7.00(m) 
8.5) 7,87(4/- 8.5) 


7.99(4/- 
8.18(4/- 


8.5) 
8.5) 


7.18-7.21 (m) 
7.87(4/ -8) 


703-7,05(m) 
7.89(4 7 = 8.5) 


8.02(4/ 
8.20(4/ 


-8*5) 7.38(4/- 
«8.5) 7.93(4 /- 


10) 134-2J9(w) f ) 
8.5) 1.58-1^2M C ) 
2.52-2.57*) 



H-Ctlj 
H-Q20 
H-Cm 
H-CK) 
CH^y) 

H-C(2) 
H-Q8) 
NH, 



6.01 (4 /« 4.5) 5.96(4/ -5) 



H28-4.7J(») 



8.60U) 
8.30U) 
') 



4.35-4.70(«) 



8.42(1) 
8-19(1) 
*) 



5.92(4/- 5) 

4.68(1,7-5) 

4.27(r,/-5) 

4.09-4.11 On) 

4.21(4/./ ~6, 12); 

436(drf,7«3J. 12) 

8.16(f) 

8J2{f) 

7JW 



*) Chemical drifts in ppm rd. to internal SiMo* measured in (CD^jSO; coupling constants / in Hi; OH resonances not reported. 

*) Assignments within the same column may be interchanged. 

°) Assignments within the same column may be interchanged 

*) Resonance observed with difficulty or not observed due to broadening or overlap. 

*) Morphoone resonances not observed due to overlap. 

') CH a (2). 

■) CH a (3%CH,<4). 
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13 


16 
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OId: 


















0(1)*) 


170i 


170.8 


168.2 


168 J 


169.8 


168.3 


168.2 






53.5 


53.6 


53.6 


53.7 


51.8 


53.7 


53.7 


54.1 


C(3) 


27.2 


it,* 




26.4 


27.0 


26.5 


26.4 


26.5 


C(4) 


31.1 


311 


28.8 


28.7 


301 


218 


28.7 


.28.9 


C(5)*) 


171.5 


171.8 


173.4 


173.4 


173.1 


173.4 


171.5 


173.5 


Boc, ( Bu. Ac 


27.6, 28.0 


27.7, 28.0 






22.4 








Boc, 'Bo, Ac 


78.1. 79.5 


783, 79.5 






170.7 








Boc 


155.0 


155.1 














iyr. 


















can 


171.1 


171.6 


170.7 


170.7 


171.4 


170.7 


171.1 


1701 


cart 


52.7 


52.5 


51.3 


51.2 


52.0 


51.3 


52.7 


SUA 




36.9 


36.9 


38.7 


36.2 


36.1 


36.4 


36.1 


36.5 




135.6 


135.8 


135.8 


135.8 


J37,2 b ) 


135.8 


135.8 


135.0 


C(2\60 


128.3 


130.5*) 


128.6 


130.5 


130.5 


128.7 


130.7 


130.1 




121.3 


121.3 


121.6 


121.6 


121.5 


121.7 


121.6 


121.4 


€(4*) 


1474 


147.6 


147.4 


147.6 


147.6 


1474 


147.4 


149.4*) 


Leu; 
CO)*) 


171.9 


171.9 


171.9 


171.9 


171.7 


172.0 


171.9 


171.7 


C(2)*) 


.50.2 


50.3 


50.4 


50.3 


534 


504 


50J 


46.5 


CO) 


40.0 




40.1 




40.5 




40J 


40.6 


C(4) 


24.0 


24.1 


24.2 


24.2 


24.1 


24.2 


24.1 


24.1 


2A/*-C(4) 


21.1, 22.6 


21.2, 22.6 


21.1, 22.7 


21.1, 22.7 


21.4, 23.1 


21.1, 217 


21 XK 221 


213. 23.1 


PhCH, 


65.8 


66.0 


66J0 


6&0 




66.0 


66j0 


41.9, 45J B ) 


i*CH 2 (tf,m,p) 127.7. 127.9, 128,3 


127.8, 128.0. 128.3 


127.8, 128.0, 128.4 


127.8. 128.0, 128.3 




1271, 128.1, 1284 


127^, 128A 128.3 


66.3°) 


MCH^) 


136.8 


136.7 


137 j0 


136.9 




137.1 


137.0 





Arg: 



173.9 
52.1 
29.2 
24.9 



156.7 



Table 3 (com.) 
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13 


16 


17 


18 


23 


24 
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28 


Spacer: 


1351*) 
















C(l) 


13fiu6*) 


137.9*) 


138.1 


137.0*) 


138.4 b ) 


138.9*) 


1716*) 


C(2) 


130.7*) 


114.3*) 


130.6*) 


116.2 


115.1*) 


130.7*) 


116.6*) 


33.9*) 


Q3) 


130.0*) 


164.1 


130.6*) 


162.0 


163.4 


130.5*) 


158.4 


23.7 


<*») 


lM!*) 


1241 


136.3*) 


122.0 


124.2 


134.8*) 


119.1 


23.7 


C(5) 


130.0*) 


1301*) 


130.6*) 


131.5 


115.7*) 


130.5*) 


1311 


33.1*) 


C(6) 


130.7*) 


115.6*) 


130.6*) 


116_2 


131.1 


130.7*) 


117.8*) 


169.9^) 


c-o 


1674 


1694 


165.8 


169.6 


169.6 


164.2 


165.6 


Adenosine: 


















CO 1 ) 












881 


88.2 


87.8 


C(20 












73.2 


731 


718 


coo 












701 


70,2 


70.3 


W> 












81.6 


81.6 


813 


C(50 












653 


615 


631 


CC2) 












147.8 


147.8 


1516 


C(4) 












148.6 


148.6 


149.1*) 


C(5) 












119.0 


119.0 


119.1 


C(6) 












158.7 


158.7 


156.0 


<X8) 












141.7 


141.7 


139.7 



'} Chemical shifti in ppm re), to internal SiM^ measured in (CDjJjSO. 

*) Assignment! of nmfl&r chemical shifts within the same cotumn may be laicKhangcd. 

*) Morphobnc resonances. 
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Identification of Substrate Binding Site of 
Cyclin-dependent Kinase 5* 

(Received for publication, August 11, 1998, and in revised form. December 22, 1998) 

I 1 * 

Pushkar Sharma, Peter J. Steinbacht, Monica Sharma, Niranjazia D. Amin, Joseph J. Barchi, Jr.§, 
and Harish C. PantH 

From the Laboratory of Neurochemistry, NINDS, the ^Center for Molecular Modeling, Center for Information Technology, 
and the ^Laboratory of Medicinal Chemistry, NCI, National Institutes of Health, Bethesda, Maryland 20892 



Cyclin-dependent kinase 5 (CDK5), unlike other 
CDKs, is active only in neuronal cells where its neuron- 
specific activator p35 is present. However, it phospho- 
rylates serines/threonines in S/TPXK/R-type motifs like 
other CDKs. The tail portion of neurofilament-H con- 
tains more than 50 ESP repeats, and CDKS has been 
shown to phosphorylate S/T specifically only in KS/ 
TPXK motifs, indicating highly specific interactions in 
substrate recognition. CDKs have been shown to have a 
high preference for a basic residue (lysine or arginine) 
as the n+3 residue, n being the location in the primary 
sequence of a phosphoacceptor serine or threonine. Be- 
cause of the lack of a crystal structure of a CDK-sub- 
strate complex, the structural basis for this specific in- 
teraction is unknown. We have used site-directed 
mutagenesis ("charged to alanine") and molecular mod- 
eling techniques to probe the recognition interactions 
for substrate peptide (PKTPKKAKKL) derived from his- 
tone HI docked in the active site of CDKS. The experi- 
mental data and computer simulations suggest that 
Asp 86 and Asp 91 are key residues that interact with the 
lysines at positions n+2 and/or n+3 of the substrates. 



Cyclin-dependent kinases (CDKs) 1 phosphorylate proline-di- 
rected serine and threonine residues in peptide/protein sub- 
strates. These kinases are active only when bound to their 
regulatory partners, cyclins. However, maximal kinase activa- 
tion is achieved only after phosphorylation of these kinases by 
CDK-activating kinase (1 and references therein). CDK5 is 
slightly different from other CDKs; it is active only in neuronal 
cells because of the presence of its cyclin-like neuronal activa- 
tor p35 and does not seem to require phosphorylation for its 
catalytic activity (1-3). However, like other CDKs, it phospho- 
rylates S/T in S/TPXK/R motifs unique to the CDK family of 
kinases (4, 5). The specificity of this interaction is demon- 
strated by the phosphorylation of the tail portion of high mo- 
lecular weight neurofilament-H (NF-H) by CDK5. The tail por- 
tion of this molecule contains 52 KSP repeats that can be 
classified as either KSPXK or KSPXXX CDK5 specifically 
phosphorylates only KSPXK motifs and does not phosphorylate 



* The costs of publication of this article were defrayed in part by the 
payment of page charges. This article must therefore be hereby marked 
"advertisement" in accordance with 18 U.S.C. Section 1734 solely to 
indicate this fact. 
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1 The abbreviations used are: CDK(s), cyclin-dependent kinase(s); 
NF, neurofilaments); NF-H, high molecular weight NF protein; PK, 
protein kinase; PKA, cAMP-dependent protein kinase; PKI, cAMP- de- 
pendent protein kinase inhibitor; GST, glutathione 5-transferase; MC, 
Monte Carlo; ERK, extracellular signal-regulated kinase. 



any other KSP site (4, 5). Histone HI is phosphorylated in vitro 
at a KTPKK motif (6). These studies indicate that the CDKs 
have high affinity for a basic residue like lysine or asinine at 
the n+3 position of the sequence, where n is the position of the 
phosphoacceptor serine or threonine. The mechanism of acti- 
vation of CDK2 by cyclin A was revealed by the crystal struc- 
tures of CDK2 (7) and its complex with cyclin (8). A recently 
published structure of a cyclin A-CDK2 complex phosphoryl- 
ated by CDK-activating kinase demonstrated the structural 
basis for further activation by phosphorylation (9). However, 
because of the lack of a crystal structure of a CDK-peptide 
substrate complex, the highly specific interactions addressed 
above are not well understood. 

Alignment of more than 60 protein kinases (PKs) revealed 
the minimal catalytic domain to be ~ 260 amino acids; this 
group exhibited 20-60% sequence homology (10). The crystal 
structures of the PKs solved to date reveal that the sequence 
homology and secondary structural elements are conserved at 
the functionally important sites, such as those involved in ATP 
binding and catalysis. When these amino acids are used to 
align the PKs, the major differences occur in the regions coding 
for loops (10). Despite their homologous sequences and similar 
global structures, PKs differ surprisingly in the substrate se- 
quences they recognize, indicating highly specific interactions 
between the active sites of the enzyme and the substrates. 

cAMP-dependent protein kinase (PKA) was the first kinase 
to be crystallized without (11) and with (12) a RRXS/A pseudo 
substrate peptide (PKI). Consequently, the crystal structure of 
the PKA-PKI complex has been used as a model kinase-sub- 
strate system. The recently published structure of phosphoryl- 
ase kinase with a peptide substrate further confirms the spec- 
ificity of these interactions (13). These structures reveal a 
highly specific network of interactions between the charged 
residues in the substrate with their oppositely charged part- 
ners in the enzyme. The differences in amino acid composition 
in the catalytic clefts of PKs account for differences in substrate 
specificity for these kinases (14, 15). 

To understand the key interactions involved in this highly 
specific enzyme-substrate interaction, we have used site-di- 
rected mutagenesis, reaction kinetics, and molecular modeling. 
We constructed a homology model of CDK5 using the CDK2 
coordinates from the cyclin-CDK2 crystal structure (9) and 
docked a peptide derived from histone HI, which is an in vitro 
substrate for CDK5 and other CDKs (6). Site-directed mu- 
tagenesis was used to confirm the interactions suggested by the 
computer modeling. Further refinement of the model included 
inter-residue restraints suggested by the enzyme kinetics 
measurements of the designed CDKS mutants. 

EXPERIMENTAL PROCEDURES 

All fine chemicals were purchased from Sigma. The peptide sub- 
strates were synthesized by either Research Genetics or QCB Chemi- 
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Fig. 1. Panel A, sequence alignment 
and comparison of CDK2, CDK5, and 
ERK2. The residues mutated in CDK5 are 
underlined. Panel B, alignment of HI 
peptide in parallel and antiparallel orien- 
tations. Thr 3 of HI and Ala 21 of PKI are 
the phosphorylation sites. Basic residues 
that are aligned are boxed. 



A 

MB NFQKVEKIGEGTYGVWKARNKLTGEVVALKKIRLDTETEGVPSTAIREISL cdk2 

MQ KYEKLEK IGEGTYGTVFKAKNRETHEIVALKRVRLDDDDEGVPSS ALREICL cdkS 

MAAAAAAGAGPEMVRGQVFDVGPRYTNLSYIGEGAYGMVCS AYDNVNKW S - PFEHQTYCQRTLREIKI erk2 

86 91 

LKELNHPNIVKLLDVIHTE NKLYLVFEFLHQDLKKFMDASALTGIPLPLIK^YLFQLLQGLAFCHSHRVL 

LKELKHKNIVRLHDVLHSD KKLTLVFEFCDQBLKNF-fi-SCNGDLDPEIVKSFLFQLLKGLGFCHSRNVL 

LLRFRHENI IG I NDI IRAPTIEQMKDVYIVQDLMETDLYKL— -LKTQHLSNDHICYFLYQI LRGLKY IHS ANVL 

125 143 160 206 

HRDLKPQNLLINTEGAIKLADFGUU^FGVPVR--TYTHE-WTLWYRAPEILLGCKYYSTA 
HRDLKPQNLLINRNGFXKLADFGLARAFGIPVR — CYSAE-WTLWYRPPDVLFGAKLYSTSIDMWSAGCIFAEL 
HRDLK PSNLLLNTTCDLK ICDFGLAR VADPDHDfrrGFLTEYVATRWYRAPE IMLNSKGYTKSI DIWSVGC I LAEM 

208 209 234 
VTR-RALFPGDSEIDQLFRIFRTLGTPDEVVWPGVTSM — PDYKPSFPKW-ARQDFSKWPPLDEDGRSLLSQML 
ANAGRPLFPGKgVDDQLKRIFRLLGTPTEEQWPSMTKL - - PfiYKP - Y PMYPATTSLVNWPKLNATGRDLLQNLL 
LSN-RPIFPGKHYLDQLNHILGIUSSPSQEDLNCII 



-VPHLRL- 



HYDPNKRISAKAALAHPFFQDVTKP 

KCNFVQRI SAEEALQHPYFSDFCPP 

TFNPHKRI EVEQAL AHPYLEQYYDPSDEPI AEAPFKFDMELDDLPKEKLKELI FEETARFQPGYR 
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YADFIASG 



K 



KAKK 



RTG 



RR 



PTKP 
VAIHD 

PKTPKKAKKL 

-1 n +1 



anti-parallel 
PKI 

Parallel 



cals. [y- 32 P]ATP was purchased from NEN Life Science Products. 

Expression and Purification of Proteins— GST-CDK5 in pGEX 2TK 
was constructed by putting the BamKl fragment of His-tag CDKS (3) 
into BamHI-cut pGEX 2TK. GST-p25 in pGEX 4T-2 was constructed by 
a polymerase chain reaction method using the oligonucleotides 5'-GTC- 
CGGATCCGCCCAGCCCCCGCCG-3' as a forward primer, 5-GTGAT- 
GAATTCTGGATCACCGATC-3 ' as a reverse primer, and DNA from the 
His-tag p35 construct as a template (3). The polymerase chain reaction 
products were digested with BamW and EcoRI, and the resulting 
fragments were cloned into fiamHI-EcoRI-cut pGEX 4T-2. The proteins 
were expressed as described earlier (4, 5). Purification of GST fusion 
proteins was carried out using glutathione-agarose chromatography by 
standard procedures (Amersham Pharmacia Biotech) and as described 
earlier (5). The purity of the proteins was assessed by SDS-polyacryl- 
amide gel electrophoresis and Coomassie Blue staining of the gels. The 
protein concentration was estimated by densitometric analysis of these 
gels. 

Site-directed Mutagenesis — The "charged to alanine" mutations were 
made using a commercial kit (Quick Change™, Stratagene). In brief, a 
pair of complementary primers of 30-40 bases was designed with 
desired mutations placed in the middle of the sequence. Parental cDNA 
inserted in pGEX 2TK was amplified using Pfu DNA polymerase with 
these primers for 15 cycles in a DNA thermal cycler (Perkin-Elmer). 
After digestion of the parental DNA with Dpnl, the mutants were 
transformed into Escherichia coli (DH5a strain, Life Technologies, 
Inc.). The mutations were confirmed by DNA sequencing. The GST 
fusion mutant proteins were expressed and purified as described above. 

Phosphorylation Assay and Enzyme Kinetics — Standard assay mix- 
tures contained 50 mM Tris, pH 7.4, 2.5 mM MgCLj, 1 mM EGTA, 
150-165 ng of wild-type CDKS or different mutants complexed with a 
molar excess of p25 (preincubated enzyme preparation), 100 jim 
[y- 32 F]ATP, and 0.1-10 mM peptide substrate in a total volume of 30 /U. 
Reactions were initiated by adding [t- 32 P]ATP and were carried out at 
30 6 C for 60-80 min. Under these conditions, the rate of phosphoryla- 
tion was constant for more than 2 h and proportional to the amount of 
enzyme. Reactions were terminated by adsorption of the assay mixture 
on phosphocellulose paper P81(Whatman). Phosphopeptide formation 
was measured by counting the radiolabeled 32 P incorporation after 
several washings of the phosphocellulose paper with 75 mM phosphoric 
acid. Kinetic constants were derived by fitting the Michaelis-Menten 
equation to the data using the Kaleidagraph program. Each experiment 
was done at least twice. Representative kinetic constants are shown in 
Tables I and II, and the variation in these constants from one experi- 



ment to another was typically 10-15%. The apparent peptide affinities 
are compared on the basis of the K m and V,^^ values. 

Molecular Modeling— Using the program LOOK (16), CDKS was 
aligned to CDK2 (9), and a model of CDK5 was built exploiting its high 
homology to CDK2 (62% identity). Atoms of CDK5 were assigned coor- 
dinates using the SegMod algorithm (16). An ATP molecule and mag- 
nesium were docked to CDKS by copying the corresponding coordinates 
from the CDK2 complex. 

The CDKS model was then superimposed on the crystal structure of 
PKA (pdb file 2CPK) by best-fitting only the backbone (N, Ca, C) atoms 
in the 13-residue "catalytic loops." Of particular interest was the close 
proximity (1.0 A separating Ca atoms) of Asp 86 in CDKS to Glu 127 of 
PKA The Glu 127 of PKA forms a salt bridge with Arg 18 of PKI (2cpk), 
and Arg 18 of PKI corresponds to Lys 6 of the HI peptide in the antipa- 
rallel alignment (Pig. IB). This structural alignment and subsequent 
modeling of CDKS complexed with the HI peptide were performed with 
the program CHARMM (17) and an all-atom parameter set (18, 19) 
running on Hewlett-Packard workstations. 

In modeling the CDK5-Hl*peptide complex, several approximations 
were employed. A distance-dependent dielectric (e = r) coefficient was 
used to screen electrostatic interactions with a potential energy "shift- 
ed" to zero at 12 A. The shifted potential roonotonically damps the 
electrostatic forces for this dielectric model (20). The distance-depend- 
ent dielectric is a rather crude approximation to an implicit solvent, but 
it maintains reasonable hydrogen bond distances. 

Entropic effects were ignored, and a limited (non-ergodic) search of 
conformations was performed. In other words, we did not attempt to 
solve the ab initio docking problem, which would require a more accu- 
rate energy function and more exhaustive conformational sampling. 
Rather, the goal of the modeling was to aid in the choice and interpre- 
tation of experiments. Although our electrostatic approximations overly 
stabilize salt bridges, our intent was to enforce these interactions, not to 
predict them from first principles. The details of the peptide backbone 
conformation and side chain packing should not be overinterpreted, but 
our model can be used to test lower resolution" hypotheses. For exam- 
ple, we can predict whether the HI peptide is long enough and flexible 
enough to interact simultaneously with the ATP and a specific subset of 
CDK5 residues. Thus, prospective interactions between CDK5 and the 
peptides identified in early stages of the modeling led us to perform 
specific mutation experiments. Similarly, the measured enzyme kinet- 
ics were incorporated into later stages of modeling through the addition 
of inter-residue distance restraints favoring specific salt bridges be- 
tween CDKS and the HI peptide. 
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Multiple families of short Monte Carlo (MC) simulations were run in 
succession, differing in the moves attempted and the restraints em- 
ployed. In the latter stages of the modeling, protein residues near the 
peptide were free to move, but in each MC simulation the CDK5 mol- 
ecule was held fixed while random rigid body translations and rotations 
of the entire HI peptide were explored as well as random rotations of 
the peptide dihedral angles. Configurations were energy minimized 
somewhat to relieve bad contacts before applying the Metropolis crite- 
rion (21) for accepting conformations at a temperature of 600 K. A 
subset of torsions was included in the MC move set, but all peptide 
degrees of freedom were allowed to relax upon minimization. Positional 
restraints were used to guide the docking of the HI peptide in a 
configuration antiparallel to that of PKI binding to PKA. Again, this 
configuration was investigated because it allows interaction between 
Asp 86 of CDK5 and Lys 6 of the peptide. In each MC simulation, a 
restraint was used to keep the gamma oxygen of the peptide Thr 3 close 
to the third phosphate group of the ATP molecule. 

HI Peptide Docked in the Antiparallel Orientation — The goal of the 
first family of MC simulations was to dock only the first several resi- 
dues of the HI peptide. 100 runs were started with the peptide in an 
extended conformation near the ATP molecule. Inter-residue distance 
restraints were used to favor energetically four interactions between a 
CDK5 residue and a peptide residue: Asp 86 and Lys fi , Asp 86 and Lys 6 , 
Asp 125 and Lys 2 , and Asp 143 and Lys 2 . Only 11 <f> and ^ torsions (ex- 
cluding proline <f> angles) of the first seven residues were eligible for 
rotation during MC moves. 

The lowest energy conformation obtained from these simulations was 
used to initiate the second family of 50 MC runs. The goal here was to 
guide the peptide toward an orientation like that of PKI bound to PKA. 
Two additional inter-residue restraints were added: Asp 91 and Lys 8 , 
Glu 193 and Lys 9 . Only the 11 ^ and iff angles not involving the first four 
residues of the peptide were moved by the MC procedure. 

Next, MC simulations were performed with both backbone and side 
chain dihedral angles included in the move set, but the fixed CDK5 
molecule resulted in the acceptance of very few moves. Therefore, the 
protein was made increasingly flexible in the neighborhood of the pep- 
tide as follows. First, simulated annealing was employed during which 
the peptide and all atoms within 5 A of it were free to move. The system 
was heated to 600 K in 20 ps and cooled to 100 K over 230 ps and energy 
minimized. Next, 100 ps of molecular dynamics at 300 K was simulated 
during which all residues with any atom within 5 A of the peptide were 
in motion. The 100 structures saved (1/ps) were energy minimized to a 
root mean square gradient of 0.01 kcal/mol/A. Finally, all residues in 
the lowest energy structure with any atom within 10 A of the peptide 
were freed of constraints and energy minimized to a root mean square 
gradient of 0.001 kcal/mol/A. The resulting structure is depicted in 
Fig. 2. 

HI Peptide Docked in the Parallel Orientation — Docking of the HI 
peptide in an orientation parallel to that of PKI relative to PKA was 
also investigated (Fig. IB). Analogous to the first family of MC runs 
described above, 40 simulations were performed during which inter- 
residue restraints were applied between Asp 86 and Lys 2 , Asp 143 and 
Lys 5 , and the ATP and Thr 3 . Again, 11 <f> and $ torsions of the first 
seven residues were rotated during MC moves. The lowest energy 
structure was inspected visually. Aside from Asp 143 and Asp 126 , the only 
acidic residues within reach of the terminus of the peptide were ob- 
served to be in two clusters. The first includes Asp 38 , Asp 39 , Asp 40 , 
Asp 41 , and Glu 42 . Based on the cyclin A-CDK2 structure, it seems likely 
that these residues are buried in the CDK5*p35 complex. The other 
cluster includes Glu 160 , Asp 206 , Asp 208 , Asp 209 , and Asp 234 (9). 

RESULTS 

Homology Model of CDKS— It is well known that CDKs are 
not active on their own; they require binding to regulatory 
cyclins to be activated (1). However, maximal activation is 
achieved after phosphorylation at Thr/Ser in the T-loop of most 
CDKs. In the case of CDK2, it is Thr 160 in the cyclin A-CDK2 
complex. This complex has been crystallized in both phospho- 
rylated (9) and unphosphorylated (8) forms. These crystal 
structures help elucidate the mechanism of activation of CDKs. 
Briefly, the binding of cyclin A to CDK2 causes the T-loop 
(146-166) to move 21 A from its position in the CDK2 struc- 
ture, thereby opening the catalytic cleft, allowing access to the 
substrate, and orienting ATP in a position that favors phospho- 
transfer (8, 9). The main regulator of CDKS is a neuron-specific 




Fig. 2. Model of CDKS after HI peptide (not shown) was 
docked as described under "Experimental Procedures." The ATP 

(red) and magnesium ion (blue) are shown. Side chains of acidic resi- 
dues potentially involved with the peptide binding in the antiparallel 
(cyan) and parallel (yellow) configuration are represented as balls and 
sticks. The PSSALRE helix (Pro 45 -Leu 55 ) and the loop (Phe 150 -Asp 170 ) 
analogous to the T-loop of CDK2 are colored purple. Glycines 11, 13, and 
16 of the glycine-rich motif are colored green. This figure was produced 
using the programs Molscript (30) and Raster 3D (29). 

protein p35 or its truncated form p25 (2, 3), accounting for the 
activity of this enzyme mainly in neurons. p35 does not have 
any sequence similarity to cyclins. Sequence homology among 
cyclins is rare; even two structurally similar cyclin motifs typ- 
ically have very different sequences (22, 23). Recent studies by 
two groups have suggested that p35 consists of a cyclin-like fold 
(24, 25); however, unlike the regulators of other CDKs, p35 
seems to achieve maximal activation of CDKS. Other CDKs 
seem to be catalytically active only upon phosphorylation in the 
T-loop subsequent to cyclin binding (1, 2). A recent crystal 
structure of cyclin A-CDK2 in this phosphorylated state has 
revealed that the T-loop moves further away from the catalytic 
cleft upon phosphorylation at Thr 160 in the T-loop (9). There 
seems to be no difference in substrate specificity caused by this 
effect; it only increases the rate of phosphorylation. Therefore, 
we assume that the active conformation of CDK5 is similar to 
that of CDK2 in the cyclin A-CDK2 (phosphorylated) complex 
(9). Thus, we modeled CDKS in its active form using coordi- 
nates from the cyclin A-CDK2 (ljstpdb) complex using the 
program LOOK (as described under "Experimental Proce- 
dures") taking advantage of the 62% sequence identity and a 
high sequence homology between these two kinases (Fig. 1A). 
The CDKS model exhibits a bilobal structure (Fig. 2), a confor- 
mation representative of protein kinases. The small lobe is rich 
in 0-sheets and contains the glycine-rich motif important for 
ATP binding. The ATP binding site is common to the entire PK 
family. 

The N-lobe of CDKS also contains the PSSALRE helix, which 
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Table I 

Kinetic parameters of CDKS mutants for peptide substrates 
Phosphorylation assays and calculation of kinetic constants were 
performed as described under "Experimental Procedures " HI, histone 
peptide (PKTPKKAKKL); NF, neurofilament peptide (VKSPAKEKAK- 
SPEK). 



Mutant 


Peptide 


K m 


V 

max 






mht 


pmol min ' 1 /ig~ J 


Wild type 


NF 


0.29 






HI 


0.04 


0.68 


D86A 


NF 


0.58 






HI 


0.23 


0.70 


D91A 


NF 


0.59 






HI 


0.22 


0.18 


D86A/D91A 


HI 


0.70 




D206A 


HI 


0.03 


0.30 


D209A 


HI 


0.05 


0.35 


D234A 


HI 


0.06 


1.09 


D143A 


HI 




0 


E160A 


HI 




0 


E193A 


HI 




0 



corresponds to the PSTAIRE helix in CDK2. This helix is 
another feature found in all CDKs and is important for inter- 
action with cyclins. The PSTAIRE helix rotates by several A 
into the catalytic cleft (7- 9) upon cyclin A binding to CDK2. 
Residues 150-170 in the model of CDKS are analogous to the 
T-loop in CDK2. Three conserved residues, Lys 33 , Glu 61 , and 
Asp 143 , form a catalytic triad that helps orient ATP and facil- 
itate catalysis. These interactions are similar to those found for 
PKA and other PKs (10). Mutation of Lys 33 to Ala in case of 
CDKS abolishes the kinase activity, implicating the importance 
of this residue in catalysis since the salt bridge between Lys 33 
and Glu 61 is broken (3). The bigger C-lobe is predominantly 
helical but contains loops that are important for interaction 
with sue family proteins (26) and also the T-loop, which is 
important for the kinase activity as described above. The cat- 
alytic site of the enzyme lies between the two lobes, enabling 
the ATP to transfer phosphate to SerAThr residues of the pep- 
tide substrate. The residues important for substrate binding 
have not been identified; but based on the PKA-PKI structure, 
some residues in the C-lobe have been suggested in substrate 
binding (9). 

Peptides Bound to the Active Site of CDKS— Both of the 
peptides studied here (HI and NF-H, Table I) contain at least 
one S/TPXK motif, which is a consensus sequence for CDK 
family kinases. The HI peptide used for docking was derived 
from histone HI and contains the TPKK motif, which is the in 
vitro site phosphorylated by CDKS in histone HI (6). It is 
possible that this peptide has a higher affinity because of the 
presence of 5 lysines (out of 10 residues) that interact with 
acidic residues in the catalytic cleft and with the ATP. We also 
used an NF-H-derived peptide for our enzyme kinetics studies 
with different mutants because NF-H is phosphorylated at 
similar SPXK motife by CDKs. We showed recently that CDKS 
has a higher affinity for the first KSRXK repeat {X = A) than 
for the second repeat iX ~ E) (5), consistent with the work of 
Beaudette et al. (6), who showed that CDKS prefers X - K or R 
over X = neutral amino acid. When X =D or E, the peptides 
make very poor substrates. 

It is likely that the substrate in CDKS or other CDKs binds 
to a site analogous to that observed in the PKA-PKI complex 
(12) because CDKs and PKA have similar overall structures 
and almost superimposable catalytic clefts that include the 
glycine-rich ATP binding domains and the catalytic base, 
Lys 33 . When the peptide substrate sequences are aligned with 
the PKI sequence in a parallel (conventional) fashion with the 
Ser/Thr matching the corresponding residue in PKI, none of the 
lysines of the CDKS substrate peptides corresponds to any 



arginine of PKI (Fig. IB). However, if the substrate sequences 
are aligned with PKI in an antiparallel fashion, the n+3 lysine 
of either NF or HI peptide aligns with the n— 3 arginine in the 
RRXS motif of PKI. For the HI peptide, two other lysines align 
with PKI arginines in the antiparallel alignment (Fig. IB). 

Effect of Site-directed Mutagenesis of Residues Implicated in 
Substrate Recognition — Charged to alanine scanning mutagen- 
esis of CDKS, combined with kinetic analyses of the mutant 
enzymes, was used to investigate interactions involving acidic 
residues near the ATP binding pocket in our homology model of 
CDKS. As described above, Asp 86 and Asp 91 were implicated in 
binding to the peptide substrates. Independent mutation of 
these residues to alanine caused a 2-fold decrease in apparent 
affinity for the NF peptide (Table I). However, there was no 
significant difference measured in the K m for ATP binding to 
the D86A (K rn = 140 pM) and D91A (K m = 210 jum) mutants 
compared with CDKS (K m = 160 jjlm). 

For the higher affinity HI substrate, the decrease in appar- 
ent affinity was 5-fold for both CDKS mutants (Table I). As- 
suming that the Asp to Ala mutations do not greatly affect the 
structure of CDKS, it would appear that both Asp 86 and Asp 91 
form stabilizing interactions with both peptides, arguably salt 
bridges to one or more lysines. To identify the alleged salt 
bridge interactions between CDKS and the HI substrate, the 
D86A and D91A mutants were subjected to kinetic analyses 
with Ala-substituted HI peptides in which either the n+2 or 
n+3 residue (Lys 5 or Lys 6 ) was replaced by alanine (Table II). 
We report V mB JK m in Table II to represent the catalytic effi- 
ciency of the enzyme. Because, in general V mw JK m decreases as 
K m increases, we interpret our results in terms of K m , which 
reflects apparent binding affinity. 

In HI peptide binding to wild-type CDKS, the n+2 alanine 
substitution increased K m by a factor of 5, whereas the n+3 
alanine substitution increased K m by a factor of 7 (Table II). 
These results are in agreement with reports that the presence 
of non-basic residues in the n+2 or n+3 position makes for a 
very poor substrate for CDKs (6, 14). 

The K m values for HI peptide binding to CDKS and to the 
D86A mutant differ by a factor of 5. For the n+2 alanine 
peptide, these K m values differ by a factor of only 1.5. Thus, the 
n+2 alanine peptide is considerably less sensitive to changes in 
Asp 86 than is the HI peptide, suggesting that Lys 5 of HI 
probably interacts with Asp 86 of CDKS. The weakening of the 
Lys 5 -Asp 86 interaction was essentially independent of whether 
it was Lys 5 or Asp 86 (factor of 5) that was replaced by Ala 
(Table II). 

For the n+3 alanine peptide, the K m values for binding to 
CDKS and to D86A differ by a factor of 2.5 compared with the 
factor of 5 for the HI peptide. The effects observed for Lys 6 
(n+3) are less dramatic than those discussed above for Lys 5 
(n+2). Still, the data suggest that Lys 6 also interacts with 
Asp 86 . The proximity of Lys 6 to Lys 5 certainly makes this 
conclusion plausible. 

When Asp 91 was mutated to Ala, the reduction in apparent 
HI affinity was comparable to that resulting from the D86A 
mutation, implicating Asp 91 as another residue that interacts 
favorably with HI. D91A binds both the n+2 alanine and n+3 
alanine peptides very poorly compared with wild type, suggest- 
ing that a second interaction has been weakened, i.e. that Asp 91 
interacts with an HI residue other than Lys 5 or Lys 6 . The data 
in Table II suggest that disruption of any one of the interac- 
tions between Asp 86 or Asp 91 and the peptide substrate results 
in a reduced apparent affinity but not a complete loss of bind- 
ing. Multiple interactions stabilize the binding of the sub- 
strates to CDKS. 

The simultaneous disruption of Asp 86 and Asp 91 interactions 
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Table II 

Kinetic studies of CDKS mutants with Ala-substituted HI peptide 



Phosphorylation assays and calculation of kinetic constants were performed as described under "Experimental Procedures." Alanine substitu- 
tions in HI peptide are shown in bold, n represents threonine, the phosphoacceptor residue. 



Mutant and peptide substrate 


K 


V 

' max 








mu 


pmol min' 1 ng ' 




Wild type 










HI 


PKTPKKAKKL 


0.04 


0.7 


17 


HI (n+2)A 


PKTPAKAKKL 


0.21 


1.2 


6 


HI (n+3)A 


PKTPKAAKKL 


0.31 


0.9 


3 


HI (n+5)A 


PKTPKKAAKL 


0.14 


0.2 


1 


HI (n+6)A 


PKTPKKAKAL 


u.iy 




i 


D86A 










HI 


PKTPKKAKKL 


0.23 


0.7 


3 


HI (zi+2)A 


PKTPAKAKKL 


0.33 


1.2 


4 


HI (n+3)A 


PKTPKAAKKL 


0.77 


0.7 


1 


HI (n+5)A 


PKTPKKAAKL 


0.45 


0.6 


1 


HI (n+6)A 


PKTPKKAKAL 


0.55 


0.5 


1 


D91A 










HI 


PKTPKKAKKL 


0.22 


0.2 


1 


HI (n+2)A 


PKTPAKAKKL 


0.60 


0.1 


0.2 


HI (n+3)A 


PKTPKAAKKL 


1.65 


0.1 


0.1 


HI (n+5)A 


PKTPKKAAKL 


0.11 


0.1 


1 


HI (n+6)A 


PKTPKKAKAL 


0.14 


0.1 


1 



with the peptide was studied using a CDK5 double mutant 
(D86A/D91A). Relative to wild-type CDK5, this mutant showed 
an -18 fold decrease in apparent affinity {K m = 0.7 mM) for the 
HI peptide, and relative to either D86A or D91A, it showed a 
3.5-fold decrease. These results are further evidence that these 
residues are important for peptide binding. 

The modeled complex (Fig. 3) highlights the interactions 
implicated by the measured enzyme kinetics while suggesting 
additional interactions that may stabilize the complex. Our 
model suggests that Asp 91 may interact with Lys 8 and/or Lys 9 
of the substrate, which could account for the large K m values 
for the binding of the n+2 alanine and /i+3 alanine peptides to 
D91A. To identify any interactions between Asp 91 and Lys 8 or 
Lys 9 , we measured enzyme kinetics with two additional Ala- 
substituted HI peptides, n+5 alanine and n+6 alanine. The 
results indicate no increase in K m for the binding of these 
peptides to D91A (Table II). In comparison, the binding to 
wild-type CDK5 and D86A showed a 3-5-fold and 2-fold in- 
crease in K m , respectively. Taken together, the kinetic data for 
the n +5 alanine and n+6 alanine peptides support the possi- 
bility of interactions between Lys 8 and Lys 9 of the HI peptide 
and Asp 91 of CDK5, as was suggested originally by the molec- 
ular modeling. 

In the model of the HI peptide bound to CDK5 (Fig. 3), each 
of the peptide's five lysines interacts with one or more nega- 
tively charged groups. Additional salt bridges identified in the 
model involve the ATP, Asp 143 , and Lys 88 (Table III). 

Effect of Mutation of Residues Implicated in Substrate Bind- 
ing in the Parallel Orientation — The crystal structure of the 
PKAPKI complex can serve as a template for substrate bind- 
ing. We modeled the HI substrate peptide in an orientation 
comparable to that of PKI bound to PKA (Fig. IB) with a 
distance restraint that kept the phosphoacceptor threonine 
within hydrogen bonding distance of the ATP. It appeared from 
the modeling (not shown) that the only likely salt bridge part- 
ners for Lys 5 and Lys 6 were Asp 143 and Asp 125 . Other acidic 
residues in the vicinity of the substrate included Asp 206 , 
Asp 208 , Asp 209 , Asp 234 , and Glu 160 (Fig. 2). We mutated each of 
these six residues (except Asp 208 ) to Ala. The D143A and 
E160A mutants were not active. None of the other three Asp -» 
Ala mutations resulted in a significantly altered K m value for 
HI peptide (Table I). These data strongly support the conclu- 
sions based on the D86A and D91A data, namely that the 
peptide substrate binds in the antiparallel orientation. 



DISCUSSION 

There is no available crystal structure of a CDK-substrate 
complex. Thus, the mechanism of this interaction is unknown. 
Because of the very high specificity of CDKs for the S/TPXK 
motifs, it is important to probe the mode of binding of these 
substrates. Although unambiguous interpretation of mutagen- 
esis experiments is difficult, we assume that non-local confor- 
mational changes induced by mutations and many-body inter- 
actions can be neglected to a first approximation. We therefore 
interpret our mutagenesis data in terms of pairwise interac- 
tions, specifically salt bridges between CDKS and the peptide 
substrates. 

Based on the crystal structure of the PKA-PKI complex, it 
has been speculated that some of the acidic residues (e.g. 
Glu 160 , Glu 206 , Glu 209 ) in the C-lobe of CDKs might interact 
with the essential lysines of the peptide substrate (9). The 
homology model and mutagenesis of CDKS have implicated 
several acidic residues in the binding of peptide substrates: 
Asp 86 , Asp 91 , Asp 125 , Asp 143 , and Glu 193 (Fig. 2A). The consen- 
sus sequence for PKA is RRXS/A. Therefore, Lys 5 and Lys 6 of 
the CDKS substrates align well with the n-2 and ra-3 argi- 
nines in an antiparallel alignment (Fig. IB). Furthermore, Lys 9 
of the HI peptide corresponds to the n-6 arginine. 

The parallel alignment of HI peptide to PKI is not as com- 
pelling because no lysines line up with the arginines of PKI 
(Fig. IB). Preliminary docking of the peptide in this parallel 
orientation suggested the possibility of salt bridges involving 
residues Asp 143 , Asp 206 , Asp 208 , Asp 209 , Asp 234 , and Glu 160 . 
These acidic residues have been considered important in sub- 
strate binding by other reports (9). We mutated each of them 
(except Asp 208 ) to Ala. There was no significant change in K m 
values for peptide interaction with these mutants except for 
D143A and E160A. For these mutants, there was no kinase 
activity, and determining the apparent peptide affinity was not 
possible. Along with Lys 33 , Asp 143 orients the ATP in a confor- 
mation that facilitates phosphotransfer (7-9). It is thus not 
surprising that the D143A mutant is inactive. Glu 160 is part of 
the flexible T-loop, and it may be that the conformation of 
CDK5 is especially sensitive to mutations in this region (Fig. 2). 

The pairwise combinations of the D86A and D91A mutants 
(each defective in substrate binding) with Ala-substituted pep- 
tides suggest that n+2 and n+3 lysines interact with Asp 86 in 
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Fig. 3. Panel A, modeled binding site of 
CDK5 with HI peptide docked. The CDK5 
surface is colored according to the electro- 
static potential calculated with the pro- 
gram GRASP (31). Regions of negative 
potential are red; positive regions are 
blue. Selected residues of CDK5 visible at 
the surface are labeled in white; selected 
peptide residues are labeled in green. 
Panel B, stereo view of the HI peptide 
residues from Lys 6 to Lys 9 , as docked to 
CDK5. Asp 86 (top) and Asp 91 (bottom) are 
also shown. Each of the four Nf-08 dis- 
tances shown (Lys 5 - Asp 86 , Lys 6 -Asp 86 , 
Lys 8 -Asp 9 \ Lys 9 -Asp 91 ) is between 2.5 
and 2.6 A. 




B 







Table m 

Salt bridges involving HI peptide in model of peptide docked to CDKS 
terminal atoms are OT1 and OT2. 



HI peptide atom 



Oppositely charged atoms 
within 2.5-2.7 A 



Lys 2 N£ 


Asp 143 081, ATP 030 


Lys 6 N£ 


Asp 86 0S2 


Lys 6 N£ 


Asp 86 081 


Lys 8 N£ 


Asp 91 082, HI Leu 10 




0T2 


Lys 9 N£ 


Asp 91 081, HI Leu 10 




0T1 


Leu 10 OT2 


Lys 88 N£ 



the KTPKK peptide substrate. Presumably, when binding to 
the D86A mutant, Lys 5 and Lys 6 interact with the ATP or 
Asp 91 . The first family of MC simulations suggested that Asp 91 
is within reach of Lys 8 and Lys 9 when the N 2 -terminal half of 



the peptide is docked to the ATP. Although these lysines are 
not part of the TPKK consensus CDK motif, the D91A mutant 
data suggest that a stabilizing interaction outside the TPKK 
region is present in the native system. Interestingly, in the case 
of other major proline-directed kinases, extracellular signal; 
regulated kinases (ERKs), the residue corresponding to Asp 9 ] 
is a neutral residue (Fig. 1A). These kinases do not have any 
known preferences for charged residues following the proline 
(15). Recently, it was shown that the NF peptide and other 
related peptides containing n+3 as basic residues were very 
poorly recognized by ERKs (27) compared with the peptides 
with n+3 as nonbasic residues. A proline at the n + 1 position is 
a common essential feature in substrates for both CDKs and 
ERKs. These kinases do not phosphorylate substrates without 
proline. It is possible that orientation of the serine hydroxyls 
for hydrogen bonding with ATP requires proline at the n+1 
position. CDKs seem to require additional interactions with the 
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substrate lysines at the n+2 and /i+3 positions to stabilize the 
substrate-enzyme complex. Replacement of Lys 5 or Lys 6 with 
alanine decreases the apparent affinity for the peptide sub- 
strate (Table II). However, when both of these lysines are 
replaced by a neutral or acidic residue, the peptide is not 
phosphorylated by CDK5 (27). Our data and model also suggest 
additional stabilization of the complex by salt bridges involving 
Lys 8 and Lys 9 of the substrate and Asp 91 of CDK5. 

PKA and phosphorylase kinase have been the only two ser- 
ine/threonine kinases to be crystallized as ternary complexes 
with ATP and their peptide substrates (12, 13). These two 
kinases show a high degree of structural similarity in their 
ternary complexes. Because the cyclin A-CDK2 (phosphoryl- 
ated) crystal structure differs from PKA and phosphorylase 
kinase in several ways, it has been speculated that CDKs might 
have a different catalytic mechanism (10). A recently reported 
crystal structure of CDK2 complexed with staurosporine, an 
inhibitor of CDKs and other protein kinases, which binds at the 
ATP binding pocket, revealed that staurosporine interacts with 
Asp 86 (28). This interaction suggested that the peptide sub- 
strate binding site of CDKs is very close to the ATP pocket, 
consistent with our observation that mutation of Asp 86 results 
in a decreased apparent affinity for the peptide. Also, recent 
work in our laboratory has shown that a pseudo substrate 
analogue of the NF peptide was surprisingly competitive with 
ATP. 2 Given the close proximity of the ATP and peptide bind- 
ing sites, peptide binding at or near Asp 86 could affect ATP 
binding. Interestingly, in the same study we showed that pep- 
tide binding promoted ATP binding. 2 Taken together, these 
data suggest that a conformational change resulting from pep- 
tide binding could trigger events important for catalysis. 

Because of the lack of a crystal structure of a CDK-substrate 
complex, the peptide substrate binding site has not been iden- 
tified. Therefore, design of specific inhibitors for CDK family 
kinases has not been possible. Most of the available inhibitors 
bind in the ATP pocket, which makes them less specific since 
the ATP pockets of most PKs are structurally very similar. But 
in the case of CDKs, the interactions with the substrate are 
very specific; CDKs specifically target SPXK-type motifs. The 
enzyme kinetics and molecular modeling reported here indicate 
that the HI peptide most likely binds to CDKS in an orienta- 
tion that is antiparallel to that of PKI bound to PKA. The 



2 P. Sharma, N. D. Amir, R. W. Albers, and H. C. Pant, manuscript in 
preparation. 



binding site implicated by this study should help guide the 
design of specific inhibitors for CDKs. 
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